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♣♦  ✐❜✐❧✐ ② ♦❢ ❞❡✈❡❧♦♣✐♥❣ ♠♦ ❡  ♦♣❤✐  ✐❝❛ ❡❞ ✇❛ ❡  ♠❛ ❦❡   ❜② ❝ ❡❛ ✐♥❣ ❝❧❛  ❡  ♦❢ ✇❛ ❡ 
 ✐❣❤   ✇✐ ❤ ❞✐✛❡ ❡♥  ❧❡✈❡❧  ♦❢ ✇❛ ❡  ❞❡❧✐✈❡ ②  ❡❝✉ ✐ ②✱ ✐♥ ♦ ❞❡   ♦ ♦✛❡  ❛❞❞✐ ✐♦♥❛❧
✢❡①✐❜✐❧✐ ② ❢♦   ❤❡ ♠❛♥❛❣❡♠❡♥  ♦❢ ✇❛ ❡   ❤♦  ❛❣❡  ✐ ❦✳ ❯♥❝❡  ❛✐♥ ②  ❡❧❛ ✐♥❣  ♦ ✇❛ ❡ 
❛❧❧♦❝❛ ✐♦♥ ❝❛♥ ♦❢ ❡♥ ♠♦ ✐✈❛ ❡ ❢❛ ♠❡    ♦ ❤♦❧❞ ♠♦ ❡  ✐❣❤    ❤❛♥ ♥❡❝❡  ❛ ② ✭❇ ❡♥♥❛♥
✭✷✵✵✻✮✮✳ ❲✐ ❤ ❞✐✛❡ ❡♥ ✐❛ ❡❞  ✐❣❤  ✱  ❤❡② ❝♦✉❧❞ ✐♥  ❡❛❞ ❜✉② ♠♦ ❡  ❡❝✉ ❡  ✐❣❤  ✳
❯♥❞❡  ♠♦     ❛ ✉ ♦ ② ✇❛ ❡  ❧❛✇ ✱ ❛  ✐♥ ❈❤✐❧❡✱ ▼❡①✐❝♦ ❛♥❞  ♦♠❡   ❛ ❡  ♦❢ ❆✉   ❛❧✐❛✱
✇❛ ❡   ✐❣❤   ❛ ❡ ❛❧❧ ✐❞❡♥ ✐❝❛❧ ✐♥  ❡ ♠  ♦❢  ❡❝✉ ✐ ②✳ ❚❤❡② ❛ ❡ ✉ ✉❛❧❧② ❞❡✜♥❡❞ ✐♥  ❡ ♠  ♦❢
✇❛ ❡  ✈♦❧✉♠❡  ✭✐✳❡✳ ♠❡❣❛❧✐ ❡  ✮✳ ■♥  ✐♠❡  ♦❢ ✇❛ ❡   ❝❛ ❝✐ ② ✇❤❡♥  ♦ ❛❧ ❛✈❛✐❧❛❜❧❡ ✇❛ ❡ 
✷✐  ♥♦  ❡♥♦✉❣❤  ♦ ❢✉❧✜❧❧  ✐❣❤  ✱ ✇❛ ❡  ♠✉   ❜❡  ❤❛ ❡❞ ❜❡ ✇❡❡♥  ✐❣❤ ❤♦❧❞❡  ✳ ❙❡❛ ♦♥❛❧
✇❛ ❡  ❛❧❧♦❝❛ ✐♦♥  ❛ ❡ ♠❛❞❡ ♦♥ ❛ ♣ ♦  ❛ ❛ ❜❛ ✐  ✐♥ ♣ ♦♣♦  ✐♦♥  ♦  ❤❡ ✈♦❧✉♠❡  ♣❡❝✐✜❡❞
✐♥ ❡❛❝❤ ✇❛ ❡   ✐❣❤ ✳ ❚❤✐  ✐  ❛ ♣ ♦♣♦  ✐♦♥❛❧  ❤❛ ✐♥❣  ②  ❡♠✳ ■♥ ♦ ❤❡  ❝♦✉♥  ✐❡  ❛♥❞
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 ✐❣❤   ❤❛✈❡ ❜❡❡♥ ♠❛❞❡✱  ❤❡  ❡♠❛✐♥✐♥❣ ✈♦❧✉♠❡ ♦❢ ✇❛ ❡  ❞❡ ❡ ♠✐♥❡   ❤❡ ❛❧❧♦❝❛ ✐♦♥  ♦
♦✇♥❡   ♦❢ ✏❧♦✇  ❡❝✉ ✐ ②  ✐❣❤  ✑✳ ❚❤❡ ❡❢♦ ❡✱  ❤❡ ❧❛  ❡  ❜❡❛   ❤❡ ❜✉❧❦ ♦❢  ❤❡  ✐ ❦ ♦❢
❧♦✇ ✇❛ ❡   ✉♣♣❧②✳ ❙✉❝❤ ❛ ❤✐❡ ❛ ❝❤② ♦❢  ✐❣❤   ✐   ❤❡ ❜❛ ✐  ♦❢  ❤❡ ♣ ✐♦  ❛♣♣ ♦♣ ✐❛ ✐♦♥
❞♦❝  ✐♥❡✱ ♠✉❝❤ ✐♥ ✉ ❡ ✐♥ ✇❡  ❡ ♥ ❯♥✐ ❡❞ ❙ ❛ ❡ ✿ ✇❤❡♥  ❤♦  ❛❣❡ ♦❝❝✉  ✱ ♣ ✐♦ ✐ ② ✐ 
❣✐✈❡♥  ♦  ❤❡  ♦✲❝❛❧❧❡❞  ❡♥✐♦   ✐❣❤  ✱  ❤♦ ❡ ✇❤✐❝❤ ✇❡ ❡ ❤✐  ♦ ✐❝❛❧❧② ❛♣♣ ♦♣ ✐❛ ❡❞ ✜   ✳
❲❤❡♥ ❛ ✇❛ ❡   ✐❣❤  ✐   ♦❧❞✱ ✐   ❡ ❛✐♥  ✐   ♦ ✐❣✐♥❛❧ ❛♣♣ ♦♣ ✐❛ ✐♦♥ ❞❛ ❡✳ ❚❤❡  ❡❝✉ ✐ ② ♦❢
❛ ✇❛ ❡   ✐❣❤  ❝❛♥  ❤✉  ❜❡ ♣✉ ❝❤❛ ❡❞ ❜② ❜✉②✐♥❣ ❛  ❡♥✐♦   ✐❣❤  ♦♥  ❤❡  ✐❣❤   ♠❛ ❦❡ ✳
■♥ ✶✾✾✹ ❛♥❞ ✷✵✵✵  ❡ ♣❡❝ ✐✈❡❧②✱ ❱✐❝ ♦ ✐❛ ❛♥❞ ◆❡✇ ❙♦✉ ❤ ❲❛❧❡  ✭ ✇♦   ❛ ❡  ✐♥ ❆✉   ❛❧✐❛✮
✐♥✐ ✐❛ ❡❞ ❛ ❞✐✛❡ ❡♥ ✐❛ ❡❞ ✇❛ ❡   ✐❣❤   ②  ❡♠ ✐♥ ✇❤✐❝❤ ❤✐❣❤  ❡❝✉ ✐ ②  ✐❣❤ ❤♦❧❞❡   ❣❡ 
❛ ❣ ❡❛ ❡  ♣ ♦♣♦  ✐♦♥ ♦❢ ❛✈❛✐❧❛❜❧❡ ✇❛ ❡   ❤❛♥ ❧♦✇  ❡❝✉ ✐ ②  ✐❣❤ ❤♦❧❞❡   ✐♥  ✐♠❡  ♦❢
 ❝❛ ❝✐ ②✳ ❚❤❡ ♦❜❥❡❝ ✐✈❡ ♦❢  ❤❡ ❡  ❡❢♦ ♠  ✐   ♦ ✐♠♣ ♦✈❡  ❤❡  ✐ ❦ ❛❧❧♦❝❛ ✐♦♥ ❛❝ ♦   ❢❛ ♠✲
❡   ❜② ❛❧❧♦✇✐♥❣  ❤❡♠  ♦ ❝♦♥  ✐ ✉ ❡ ❛ ♣♦  ❢♦❧✐♦ ♦❢ ✇❛ ❡   ✐❣❤   ✇✐ ❤ ❞✐✛❡ ❡♥   ❡❝✉ ✐ ②
❧❡✈❡❧ ✳ ❖♥  ❤❡ ♦ ❤❡  ❤❛♥❞✱ ✐♥ ✇❡  ❡ ♥ ❯♥✐ ❡❞ ❙ ❛ ❡  ❛  ✇✐ ❝❤ ❢ ♦♠  ❤❡  ❡♥✐♦ ✲❥✉♥✐♦ 
 ✐❣❤   ②  ❡♠  ♦ ❛ ♣ ♦♣♦  ✐♦♥❛❧  ❤❛ ✐♥❣  ②  ❡♠ ✐  ❜❡✐♥❣  ✉❣❣❡  ❡❞✱ ✐♥ ♦ ❞❡   ♦  ❡✲
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♦❢ ❛ ♥✉♠❜❡  ♦❢  ❡❝❡♥  ✇❛ ❡  ♠❛ ❦❡   ❡❢♦ ♠ ✳
❚❤❡ ♦❜❥❡❝ ✐✈❡ ♦❢  ❤✐  ❛  ✐❝❧❡ ✐   ♦ ❝♦♠♣❛ ❡  ❤❡ ❛❧❧♦❝❛ ✐✈❡ ❡✣❝✐❡♥❝②✱ ❝♦  ✲❡✛❡❝ ✐✈❡♥❡  
❛♥❞  ✐ ❦ ♠❛♥❛❣❡♠❡♥  ♣ ♦♣❡  ✐❡  ♦❢ ❛ ♠❛ ❦❡  ✇✐ ❤  ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧  ❢♦  ✇❛ ❡   ✐❣❤  
 ❡❧❛ ✐✈❡  ♦ ❛ ♠❛ ❦❡  ✇✐ ❤ ❛ ✉♥✐ ✉❡  ②♣❡ ♦❢ ✇❛ ❡   ✐❣❤ ✳ ❚❤❡ ❡ ✐  ✐♥ ✉✣❝✐❡♥  ✜❡❧❞
❞❛ ❛  ♦ ❡①❛♠✐♥❡  ❤✐   ❡ ❡❛ ❝❤  ✉❡  ✐♦♥ ✉ ✐♥❣   ❛ ✐  ✐❝❛❧  ❡❝❤♥✐ ✉❡  ❜❡❝❛✉ ❡ ✇❛ ❡ 
 ✐❣❤   ♠❛ ❦❡   ❛ ❡   ✐❧❧  ❛ ❤❡   ❤✐♥✳ ❋♦  ❡①❛♠♣❧❡✱ ❧✐  ❧❡ ❛❝ ✐✈✐ ② ✐  ♦❜ ❡ ✈❡❞ ✐♥  ❤❡
♠❛ ❦❡  ❢♦  ❧♦✇  ❡❝✉ ✐ ②  ✐❣❤   ✐♥ ❆✉   ❛❧✐❛ ✭◆❛ ✐♦♥❛❧ ❲❛ ❡  ❈♦♠♠✐  ✐♦♥ ✭✷✵✵✾✮✮✳ ■♥
✇❡  ❡ ♥   ❛ ❡  ♦❢  ❤❡ ❯❙✱  ❤❡   ❛❞✐♥❣ ♦❢  ❡♥✐♦  ✇❛ ❡   ✐❣❤   ✐   ❡   ✐❝ ❡❞ ❜②  ❡❣✉❧❛ ✐♦♥ 
❝♦♥❝❡ ♥✐♥❣  ❤✐ ❞ ♣❛  ② ❡✛❡❝   ✭❍♦✇❡ ❛♥❞ ●♦❡ ♠❛♥  ✭✷✵✵✸✮✮✳ ❆  ❛  ❡ ✉❧ ✱  ❤❡ ❡ ❛ ❡
✈❡ ② ❢❡✇ ✜❡❧❞  ✐ ✉❛ ✐♦♥  ✇❤❡ ❡ ❢❛ ♠❡   ❝❛♥ ❢ ❡❡❧② ❝♦♥  ✐ ✉ ❡ ❛ ♣♦  ❢♦❧✐♦ ♦❢ ✇❛ ❡   ✐❣❤  
✸✇✐ ❤ ❞✐✛❡ ❡♥  ❧❡✈❡❧  ♦❢  ❡❝✉ ✐ ②✳ ▼♦ ❡♦✈❡ ✱ ❞✐✛❡ ❡♥❝❡  ❜❡ ✇❡❡♥ ❝♦✉♥  ✐❡  ♦    ❛ ❡ 
✐♥  ❡ ♠  ♦❢ ❤②❞ ♦❧♦❣② ❛♥❞  ♦❝✐♦✲❡❝♦♥♦♠✐❝ ❡♥✈✐ ♦♥♠❡♥  ❝❛♥ ♠❛❦❡  ❤❡ ❝♦♠♣❛ ✐ ♦♥
❞✐✣❝✉❧ ✳ ❚❤✐  ❛  ✐❝❧❡✱  ❤❡ ❡❢♦ ❡✱ ✉ ❡  ❞❛ ❛ ❢ ♦♠ ❧❛❜♦ ❛ ♦ ② ❡①♣❡ ✐♠❡♥  ✳ ■  ♣ ❡ ❡♥   ❛♥
❡①♣❡ ✐♠❡♥ ❛❧ ❞❡ ✐❣♥  ❤❛  ❝❛♣ ✉ ❡   ❤❡ ♠❛✐♥ ❝❤❛ ❛❝ ❡ ✐  ✐❝  ♦❢ ❡①✐  ✐♥❣ ✇❛ ❡  ♠❛ ❦❡  
❛♥❞ ❢♦❝✉ ❡  ♦♥  ❤❡  ❤♦  ✲ ❡ ♠  ✐ ❦ ♠❛♥❛❣❡♠❡♥  ♣ ♦♣❡  ✐❡  ♦❢ ❞✐✛❡ ❡♥  ❧❡✈❡❧  ♦❢  ❡❝✉ ✐ ②
❢♦  ✇❛ ❡   ✐❣❤  ✳ ❯ ✐♥❣ ❛   ❛ ✐❝ ❢ ❛♠❡✇♦ ❦ ❡♥❛❜❧❡  ✉   ♦ ❝❛♣ ✉ ❡ ♦♥❧②  ❤❡ ❡✣❝✐❡♥❝②
♣ ♦♣❡  ✐❡  ♦❢ ✐♥  ❛✲ ❡❛ ♦♥❛❧ ✇❛ ❡   ❡✲❛❧❧♦❝❛ ✐♦♥  ❤ ♦✉❣❤   ❛❞❡ ❛♥❞ ❛❧❧♦✇  ✉   ♦ ❛❜   ❛❝ 
❛✇❛② ❢ ♦♠ ✇❛ ❡    ❛❞✐♥❣ ❞❡❝✐ ✐♦♥  ❛  ♦❝✐❛ ❡❞ ✇✐ ❤ ❧♦♥❣❡ ✲ ❡ ♠ ♠❛♥❛❣❡♠❡♥  ✐  ✉❡ 
✭ ✉❝❤ ❛  ❝❤❛♥❣❡  ✐♥ ❝ ♦♣♣✐♥❣ ♣❛  ❡ ♥  ❛♥❞    ✉❝ ✉ ❛❧ ❝❤❛♥❣❡  ♦♥  ❤❡ ❢❛ ♠✮✳
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 ♦♣❤✐  ✐❝❛ ❡❞  ✐ ❦✲ ❤❛ ✐♥❣ ✐♥   ✉♠❡♥    ♦ ♦♣❡ ❛ ❡✳ ❲❛ ❡   ✐❣❤   ✇✐ ❤ ❞✐✛❡ ❡♥  ❧❡✈❡❧ 
♦❢  ❡❝✉ ✐ ② ❝❛♥ ♠✐♠✐❝  ❤❡ ❡  ✐ ❦✲ ❤❛ ✐♥❣ ❝♦♥  ❛❝   ❛♥❞ ♠❛② ❜❡ ❡❛ ✐❡   ♦ ✐♠♣❧❡♠❡♥ ✳
❆ ♠✉❧ ✐♣❧❡  ❡❝✉ ✐ ② ❧❡✈❡❧   ②  ❡♠ ❝♦✉❧❞  ❤✉  ❞✐ ♣❧❛②  ✇♦ ♠❛❥♦  ❛❞✈❛♥ ❛❣❡ ✱ ❝♦♠♣❛ ❡❞
 ♦ ❛  ✐♥❣❧❡  ❡❝✉ ✐ ②  ②  ❡♠✿   ❛♥ ❛❝ ✐♦♥  ❝♦     ❛✈✐♥❣ ♦♥  ❤❡ ✇❛ ❡  ♠❛ ❦❡ ❀ ❛♥❞ ✐♠✲
♣ ♦✈❡❞  ✐ ❦ ❛❧❧♦❝❛ ✐♦♥✳ ❖♥  ❤❡ ♥❡❣❛ ✐✈❡  ✐❞❡ ❤♦✇❡✈❡ ✱ ✐  ♠❛② ✐♥❝ ❡❛ ❡  ❤❡ ♠❛♥❛❣❡♠❡♥ 
❝♦   ❢♦  ♠❛ ❦❡  ❛❞♠✐♥✐   ❛ ♦   ❛♥❞  ❤❡ ❝♦♠♣❧❡①✐ ② ♦❢ ✇❛ ❡  ♠❛ ❦❡  ♣❛  ✐❝✐♣❛ ✐♦♥ ❢♦ 
❢❛ ♠❡   ✭❍✉❣❤❡  ❛♥❞ ●♦❡ ❝❤ ✭✷✵✵✾✮✱ ❙❤✐ ✭✷✵✵✻✮✮✳ ❖✈❡ ❛❧❧✱  ❤❡ ❜❡♥❡✜   ♦❢ ✇❛ ❡   ✐❣❤  
❞✐✛❡ ❡♥ ✐❛ ✐♦♥ ✇✐❧❧ ❞❡♣❡♥❞ ♦♥  ❤❡    ❡♥❣ ❤ ♦❢  ❤❡ ❡ ♣♦ ✐ ✐✈❡ ❛♥❞ ♥❡❣❛ ✐✈❡ ❡✛❡❝  ✳
❇❛ ❡❞ ♦♥  ❤❡ ❛❜♦✈❡ ❞✐ ❝✉  ✐♦♥✱ ✇❡ ❢♦ ♠✉❧❛ ❡  ❤❡ ❢♦❧❧♦✇✐♥❣  ❡ ❡❛ ❝❤  ✉❡  ✐♦♥ ✿
✶✳ ❉♦❡  ❛ ✇❛ ❡  ♠❛ ❦❡  ✇✐ ❤ ❞✐✛❡ ❡♥ ✐❛ ❡❞ ✇❛ ❡   ✐❣❤   ✐♥❝ ❡❛ ❡  ♦ ❛❧ ♣ ♦✜   ❢ ♦♠
✇❛ ❡  ✉ ❡ ❛♥❞ ✇❛ ❡    ❛❞✐♥❣❄
✷✳ ❉♦ ❞✐✛❡ ❡♥ ✐❛ ❡❞ ✇❛ ❡   ✐❣❤   ✐♠♣ ♦✈❡  ❤❡  ✐ ❦ ♠❛♥❛❣❡♠❡♥  ♣ ♦♣❡  ✐❡  ♦❢ ✇❛ ❡ 
♠❛ ❦❡  ❄
❚❤❡ ❡  ✇♦  ✉❡  ✐♦♥  ❛ ❡ ❛❞❞ ❡  ❡❞ ✐♥  ❤❡ ❝♦♥ ❡①  ♦❢  ❤♦  ✲ ❡ ♠ ✭✐♥  ❛✲ ❡❛ ♦♥❛❧✮ ✇❛ ❡ 
♠❛♥❛❣❡♠❡♥ ✳ ❚❤❡ ♥❡①   ❡❝ ✐♦♥ ❞❡ ❝ ✐❜❡   ❤❡ ❡①♣❡ ✐♠❡♥  ❞❡ ✐❣♥❡❞  ♦ ❝♦♠♣❛ ❡  ✇♦
♠❛ ❦❡     ✉❝ ✉ ❡ ✿ ❛  ✇♦ ✈  ❛  ✐♥❣❧❡  ❡❝✉ ✐ ② ❧❡✈❡❧  ②  ❡♠ ❢♦  ✇❛ ❡   ✐❣❤  ✳
✼❊①♣❡ ✐♠❡♥ ❛❧ ❞❡ ✐❣♥
❖✉  ❡①♣❡ ✐♠❡♥ ❛❧ ❞❡ ✐❣♥ ❝❛♣ ✉ ❡   ❤❡ ♠❛✐♥ ❝❤❛ ❛❝ ❡ ✐  ✐❝  ♦❢ ♠❛ ✉ ❡ ✇❛ ❡  ♠❛ ❦❡  
✇❤❡ ❡ ❛❣ ✐❝✉❧ ✉ ❛❧ ✉ ❡   ♣❛  ✐❝✐♣❛ ❡ ❜♦ ❤ ✐♥  ❤❡ ✇❛ ❡   ✐❣❤   ♠❛ ❦❡  ❛♥❞ ✐♥  ❤❡ ❛❧❧♦❝❛✲
 ✐♦♥ ♠❛ ❦❡  ✐♥ ♦ ❞❡   ♦ ♠❛♥❛❣❡  ❤❡  ✐ ❦ ♦❢ ✇❛ ❡   ❤♦  ❛❣❡ ✇✐ ❤✐♥ ❛ ❣✐✈❡♥ ♣ ♦❞✉❝ ✐♦♥
②❡❛ ✳ ❊❛❝❤ ✇❛ ❡   ✐❣❤  ❡♥ ✐ ❧❡  ✐   ♦✇♥❡   ♦ ❛ ✇❛ ❡  ❛❧❧♦❝❛ ✐♦♥✱ ✐✳❡✳ ❛  ❤❛ ❡ ♦❢ ❛✈❛✐❧❛❜❧❡
 ❡❛ ♦♥❛❧ ✇❛ ❡ ✱ ✇❤✐❝❤ ✈❛ ✐❡    ♦❝❤❛  ✐❝❛❧❧② ❛♥❞ ✐  ♦♥❧② ❦♥♦✇♥ ✇✐ ❤ ❝❡  ❛✐♥ ② ❛  ❛ ❝❡ ✲
 ❛✐♥  ✐♠❡ ♦❢  ❤❡ ②❡❛  ✭✇❤❡♥ ✇❛ ❡  ❧❡✈❡❧  ✐♥ ❞❛♠  ❤❛✈❡   ❛❜✐❧✐③❡❞✮✳ ❲❛ ❡  ✐  ✉ ❡❞ ❛  ❛♥
✐♥♣✉  ✐♥  ❤❡ ❛❣ ✐❝✉❧ ✉ ❛❧ ♣ ♦❞✉❝ ✐♦♥ ♣ ♦❝❡   ✇✐ ❤ ❛ ❞❡❝ ❡❛ ✐♥❣ ♠❛ ❣✐♥❛❧ ♣ ♦❞✉❝ ✐✈✐ ②✳
❚♦ ♣ ❡✈❡♥  ♣ ✐♦  ❛  ✐ ✉❞❡  ❛❜♦✉  ❡♥✈✐ ♦♥♠❡♥ ❛❧ ♣♦❧✐❝② ❢ ♦♠ ✐♥✢✉❡♥❝✐♥❣  ✉❜❥❡❝  ✬ ❜❡✲
❤❛✈✐♦  ✱ ❛ ♥❡✉  ❛❧  ❡ ♠✐♥♦❧♦❣② ✐  ✉ ❡❞✿ ✐♥ ♣❛  ✐❝✉❧❛ ✱ ✇❛ ❡   ✐❣❤   ❛ ❡ ❝❛❧❧❡❞ ✏ ❤❛ ❡ ✑
❛♥❞ ✇❛ ❡  ❛❧❧♦❝❛ ✐♦♥  ❛ ❡ ❝❛❧❧❡❞ ✏❝♦✉♣♦♥ ✑✳ ❆  ❤❛ ❡ ❣✐✈❡   ❤❡  ✐❣❤   ♦ ❛ ♣ ❡✲ ♣❡❝✐✜❡❞✱
 ❝❡♥❛ ✐♦✲❞❡♣❡♥❞❡♥ ✱ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥ ✳ ❆   ❤❡ ❡♥❞ ♦❢ ❡❛❝❤ ♣❡ ✐♦❞✱ ❝♦✉♣♦♥  ❤❡❧❞ ❛ ❡
❝♦♥✈❡  ❡❞ ✐♥ ♦ ❊❈❯ ❜❡♥❡✜  ✱  ❤❡ ❊❈❯ ❜❡✐♥❣ ❛♥ ❡①♣❡ ✐♠❡♥ ❛❧ ♠♦♥❡ ❛ ② ✉♥✐  ❝♦♥✈❡  ✲
✐❜❧❡ ❛  ❛ ✭❦♥♦✇♥✮ ✜①❡❞  ❛ ❡ ✐♥ ♦ ❝❛ ❤✳
❖✉  ❡①♣❡ ✐♠❡♥ ❛❧ ❞❡ ✐❣♥  ✐♠♣❧✐✜❡   ❤❡ ♠❛ ❦❡     ✉❝ ✉ ❡ ♦❜ ❡ ✈❡❞ ✐♥  ❤❡ ✜❡❧❞✳ ■♥  ❤❡
✜❡❧❞✱ ✇❛ ❡   ✐❣❤   ❝❛♥ ❜❡  ❡ ❛✐♥❡❞ ②❡❛  ❛❢ ❡  ②❡❛  ❛♥❞  ❤❡ ♠❛ ❦❡  ❢♦  ✇❛ ❡   ✐❣❤  
✐  ♦♣❡♥ ❛❧❧ ②❡❛   ♦✉♥❞✳ ■♥  ❤❡ ❡①♣❡ ✐♠❡♥ ✱ ✇❡ ✐♠♣❧❡♠❡♥    ❛ ✐♦♥❛ ②  ❡♣❡ ✐ ✐♦♥  ♦❢
 ❤❡  ❛♠❡ ♠❛ ❦❡   ♦ ❡♥❤❛♥❝❡ ❧❡❛ ♥✐♥❣ ♦❢  ❤❡  ✉❜❥❡❝  ✳ ❙✉❜❥❡❝     ❛❞❡  ❤❛ ❡  ❛♥❞
❝♦✉♣♦♥  ✐♥  ✇♦  ✉❝❝❡  ✐✈❡ ♥♦♥ ♦✈❡ ❧❛♣♣✐♥❣   ❛❣❡ ✳ ❙❤❛ ❡  ❛♥❞ ❝♦✉♣♦♥  ❤❛✈❡  ❤❡  ❛♠❡
 ✐♠❡ ❢ ❛♠❡✿ ❜♦ ❤ ❛ ❡ ❤❡❧❞ ❢♦  ♦♥❡ ♣❡ ✐♦❞ ♦♥❧② ❛♥❞ ❞❡❝✐ ✐♦♥  ❞♦ ♥♦   ♣✐❧❧ ♦✈❡  ❢ ♦♠
♦♥❡ ♣❡ ✐♦❞  ♦  ❤❡ ♦ ❤❡ ✳ ❚❤✐  ❞❡ ✐❣♥ ❝❤♦✐❝❡ ❛❧❧♦✇  ✉   ♦ ♣ ❡❝❧✉❞❡   ❛❞✐♥❣ ♠♦ ✐✈❡ 
❛  ♦❝✐❛ ❡❞ ✇✐ ❤ ❧♦♥❣✲ ❡ ♠    ❛ ❡❣✐❡   ✉❝❤ ❛  ❜❛♥❦✐♥❣ ❛♥❞  ♣❡❝✉❧❛ ✐♦♥ ♦♥  ❤❡ ❢✉ ✉ ❡
✈❛❧✉❡ ♦❢ ✇❛ ❡   ✐❣❤  ✳ ■   ❤❡ ❡❢♦ ❡ ❡♥❛❜❧❡  ✉   ♦ ♦❜ ❡ ✈❡   ❛❞✐♥❣    ❛ ❡❣✐❡  ✉♥✐ ✉❡❧②
❛  ♦❝✐❛ ❡❞ ✇✐ ❤  ❤❡ ♥❡❡❞  ♦  ❡❞✉❝❡   ❛♥ ❛❝ ✐♦♥  ❝♦    ❛♥❞  ♦ ♠❛♥❛❣❡  ❤♦  ✲ ❡ ♠  ✐ ❦
❜❡  ❡ ✱ ❜♦ ❤ ✐♥ ❛  ✐♥❣❧❡  ❡❝✉ ✐ ②  ②  ❡♠ ✭♦♥❧② ♦♥❡ ❧❡✈❡❧ ♦❢  ❡❝✉ ✐ ② ❢♦   ❤❛ ❡ ✮ ❛♥❞ ✐♥
❛  ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧   ②  ❡♠ ✭ ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧  ❢♦   ❤❛ ❡ ✮✳
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❲❡ ✉ ❡ ❛ ❜❡ ✇❡❡♥✲ ✉❜❥❡❝  ❞❡ ✐❣♥ ✇✐ ❤ ✻ ♦❜ ❡ ✈❛ ✐♦♥  ♣❡  ❝❡❧❧✱ ✇❤❡ ❡ ❡❛❝❤  ✉❜❥❡❝ 
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❚❤❡ ✜      ❡❛ ♠❡♥  ❞✐♠❡♥ ✐♦♥  ❤❛  ✇❡ ❡①❛♠✐♥❡ ✐   ❤❡ ♥✉♠❜❡  ♦❢  ❡❝✉ ✐ ② ❧❡✈❡❧ ✳ ■♥
 ❤❡ ♦♥❡  ❡❝✉ ✐ ② ❧❡✈❡❧   ❡❛ ♠❡♥  ✱  ❤❡ ❡ ✐  ♦♥❧② ♦♥❡  ②♣❡ ♦❢  ❤❛ ❡ ❝❛❧❧❡❞ ✏ ❤❛ ❡ ✑✳ ■♥
 ❤❡  ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧    ❡❛ ♠❡♥  ✱ ❤✐❣❤  ❡❝✉ ✐ ② ✭✏ ❤❛ ❡  ❆✑✮ ❛♥❞ ❧♦✇  ❡❝✉ ✐ ②  ❤❛ ❡ 
✭✏ ❤❛ ❡  ❇✑✮ ❛ ❡   ❛❞❡❞  ❡ ✉❡♥ ✐❛❧❧②✱ ✇✐ ❤  ❤❡ ❤✐❣❤  ❡❝✉ ✐ ②  ❤❛ ❡    ❛❞❡❞ ✜   ✳ ✹
❚❤❡  ❡❝♦♥❞   ❡❛ ♠❡♥  ❞✐♠❡♥ ✐♦♥ ✐    ❛♥ ❛❝ ✐♦♥  ❝♦   ✳ ■♥  ❤❡ ✜     ❡  ♦❢   ❡❛ ♠❡♥  
✇❡ ❛  ✉♠❡  ❤❛    ❛♥ ❛❝ ✐♦♥  ❝♦    ❛ ❡ ❤✐❣❤❡  ✇❤❡♥   ❛❞✐♥❣ ❝♦✉♣♦♥ ✳ ■  ❢♦❧❧♦✇  ❋ ❡❡✲
❜❛✐ ♥ ❛♥❞ ◗✉✐❣❣✐♥ ✭✷✵✵✻✮ ✇❤♦  ✉❣❣❡    ❤❛   ❡❛ ♦♥❛❧ ❛❧❧♦❝❛ ✐♦♥   ❛❞✐♥❣ ✐  ❧✐❦❡❧②  ♦ ❜❡
❛  ♦❝✐❛ ❡❞ ✇✐ ❤ ❧❛ ❣❡    ❛♥ ❛❝ ✐♦♥  ❝♦   ✳ ❍♦✇❡✈❡  ❇ ❡♥♥❛♥ ✭✷✵✵✻✮ ✐♥❞✐❝❛ ❡   ❤❛   ❤❡
✜♥❛♥❝✐❛❧ ❛♥❞ ❛❞♠✐♥✐   ❛ ✐✈❡ ❝♦    ♦❢ ❛❧❧♦❝❛ ✐♦♥   ❛❞❡ ❛ ❡  ❡❧❛ ✐✈❡❧②  ♠❛❧❧ ❝♦♠♣❛ ❡❞
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✜   ✱  ❤❡♥  ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ✐  ❞❡ ✐✈❡❞✳ ❲❡ ❝♦♥❝❧✉❞❡  ❤✐   ❡❝ ✐♦♥ ❜②
♣ ❡ ❡♥ ✐♥❣  ♦♠❡ ✐♥ ✉✐ ✐♦♥ ♦♥  ❤❡ ❡✛❡❝  ♦❢  ✐ ❦ ❛✈❡  ✐♦♥✱ ✇❤✐❝❤ ❝❛♥ ♣♦ ❡♥ ✐❛❧❧② ❡①♣❧❛✐♥
❞✐✛❡ ❡♥❝❡  ❜❡ ✇❡❡♥  ❤❡♦ ❡ ✐❝❛❧ ♣ ❡❞✐❝ ✐♦♥  ❛♥❞ ❡①♣❡ ✐♠❡♥ ❛❧  ❡ ✉❧  ✳
✶✷❆  ✐ ❦ ♥❡✉  ❛❧ ❛❣❡♥  ❝❤♦♦ ❡   ❤❡ ♥✉♠❜❡  ♦❢  ❤❛ ❡  ❛  ✇❡❧❧ ❛   ❤❡ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥ 
✐♥ ♦ ❞❡   ♦ ♠❛①✐♠✐③❡ ❤✐  ♥❡  ❡①♣❡❝ ❡❞ ❜❡♥❡✜  ❢ ♦♠   ❛❞✐♥❣ ❛♥❞ ❝♦✉♣♦♥ ❤♦❧❞✐♥❣✳ ❚❤❡





πt [B(ci,t) + pct.(Wt.Si − ci,t) − Tc.dci,t.(Wt.Si − ci,t)]
+ ps.(Qi − Si) − Ts.dsi.(Qi − Si) ✭✶✮
❙❤❛ ❡✿ Qi ✐   ❤❡ ✐♥✐ ✐❛❧ ❛❧❧♦❝❛ ✐♦♥ ♦❢  ❤❛ ❡   ♦ ❛❣❡♥  ✐✱ Si ✐   ❤❡ ♥✉♠❜❡  ♦❢  ❤❛ ❡  ❤❡❧❞
✐♥ ❡ ✉✐❧✐❜ ✐✉♠✱ pS ✐   ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♣ ✐❝❡ ♦❢ ❛  ❤❛ ❡✳
❆❧❧♦❝❛ ✐♦♥ ♦❢ ❝♦✉♣♦♥ ✿ t ✐♥❞❡①❡   ❤❡  ❝❡♥❛ ✐♦ ✭t = 1,2 ❢♦   ❤❡  ✇♦  ❝❡♥❛ ✐♦ ✿ ②❡❧❧♦✇
❛♥❞ ❜❧✉❡✮✱ πt ✐   ❤❡ ♣ ♦❜❛❜✐❧✐ ② ♦❢ ♦❝❝✉  ❡♥❝❡ ♦❢  ❝❡♥❛ ✐♦ t ✭✇✐ ❤ π1 + π2 = 1)✱ Wt
✐   ❤❡ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥   ❡❝❡✐✈❡❞ ♣❡   ❤❛ ❡ ✉♥❞❡   ❝❡♥❛ ✐♦ t✳ ❚❤✐  ✈❛❧✉❡ ✐  ❦♥♦✇♥
❜❡❢♦ ❡  ❤❡ ♦♣❡♥✐♥❣ ♦❢  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳
❈♦✉♣♦♥✿ ci,t ✐   ❤❡ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥  ❤❡❧❞ ❜② ❛❣❡♥  i ✐♥  ❝❡♥❛ ✐♦ t✱ B(ci,t) ✐   ❤❡
 ♦ ❛❧ ❜❡♥❡✜  ❢ ♦♠ ❤♦❧❞✐♥❣ ci,t ❝♦✉♣♦♥ ✱ ✇❤✐❝❤ ✐   ②♣❡✲❞❡♣❡♥❞❡♥ ✱ pct ✐   ❤❡ ❡ ✉✐❧✐❜ ✐✉♠
♣ ✐❝❡ ♦❢ ❛ ❝♦✉♣♦♥ ✉♥❞❡   ❝❡♥❛ ✐♦ t✳
❚ ❛♥ ❛❝ ✐♦♥  ❝♦   ✿ Tc ✐   ❤❡   ❛♥ ❛❝ ✐♦♥ ❝♦    ♦ ❜✉② ❛♥❞  ♦  ❡❧❧ ✐♥  ❤❡ ❝♦✉♣♦♥ 
♠❛ ❦❡ ✱ Ts ✐   ❤❡   ❛♥ ❛❝ ✐♦♥ ❝♦    ♦ ❜✉② ❛♥❞  ♦  ❡❧❧ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡ ✱ dci,t ✐   ❤❡
♥❡  ♣♦ ✐ ✐♦♥ ♦❢ ❛❣❡♥  i ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✉♥❞❡   ❝❡♥❛ ✐♦ t ❛♥❞ dsi ✐♥  ❤❡  ❤❛ ❡ 
♠❛ ❦❡  ✭✶ ❢♦  ❛ ♥❡   ❡❧❧❡ ✱ ✲✶ ❢♦  ❛ ♥❡  ❜✉②❡ ✮✳
❊ ✉✐❧✐❜ ✐✉♠ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ 
❚ ❛❞✐♥❣ ♦❢ ❝♦✉♣♦♥   ❛❦❡  ♣❧❛❝❡ ✉♥ ✐❧  ❤❡ ♠❛ ❣✐♥❛❧ ❜❡♥❡✜   ♦❢ ❝♦✉♣♦♥ ✱ ♥❡  ♦❢   ❛♥ ❛❝✲
 ✐♦♥  ❝♦   ✱ ❛ ❡ ❡ ✉❛❧ ❢♦   ❤❡  ✇♦ ❛❣❡♥  ✳ ❊ ✉✐❧✐❜ ✐✉♠ ♣ ✐❝❡  ❛♥❞  ✉❛♥ ✐ ✐❡  ♦❢ ❝♦✉♣♦♥ 
❛ ❡ ❢♦✉♥❞ ✇❤❡ ❡  ♦ ❛❧ ❞❡♠❛♥❞ ✐  ❡ ✉❛❧  ♦  ♦ ❛❧  ✉♣♣❧② ✐♥ ❡❛❝❤  ❝❡♥❛ ✐♦ ✭  ❛❜❧❡ ✹✮✳

   
   
B′(ci,t) − pc,t + Tc.dci,t = 0
 
i=1,2 ci,t = Wt
 
i=1,2 Si
∀t = 1,2 ;∀i = 1,2
✭✷✮
❲❡ ♥♦ ❡  ❤❛   ②♣❡✲✶  ❡❧❧  ❛❧❧ ❤✐  ❝♦✉♣♦♥   ♦  ②♣❡✲✷ ❛   ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♣ ✐❝❡ ✐  ❤✐❣❤❡ 
 ❤❛♥ ❤✐  ♠❛ ❣✐♥❛❧ ❜❡♥❡✜  ❢ ♦♠  ❤❡ ✜    ✉♥✐ ✳ ❚❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♣ ✐❝❡ ✐  ❜❡ ✇❡❡♥  ❤❡
✶✸♠✐♥✐♠✉♠ ♣ ✐❝❡  ❤❡  ②♣❡✲✶ ✉ ❡  ✐  ✇✐❧❧✐♥❣  ♦  ❡❧❧ ❛  ❛♥❞  ❤❡ ♠❛①✐♠✉♠ ♣ ✐❝❡  ❤❡  ②♣❡✲✷
✉ ❡  ✐  ✇✐❧❧✐♥❣  ♦ ❜✉② ❛ ✳ ❚❤❡ ❜❛ ❣❛✐♥✐♥❣ ♣♦✇❡  ♦❢ ❡❛❝❤  ②♣❡ ✐♥  ❤❡ ❣❛♠❡ ❞❡ ❡ ♠✐♥❡ 
 ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♣ ✐❝❡ ✇✐ ❤✐♥  ❤✐   ❛♥❣❡✳
❊ ✉✐❧✐❜ ✐✉♠ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡ 
❚❤❡ ♠❛①✐♠✉♠ ✇✐❧❧✐♥❣♥❡    ♦ ♣❛② ❢♦   ❤❡ ♣✉ ❝❤❛ ❡ ♦❢ ♦♥❡  ❤❛ ❡ ✭♦   ❤❡ ♠✐♥✐♠✉♠
✇✐❧❧✐♥❣♥❡    ♦ ❛❝❝❡♣  ❢♦   ❤❡  ❛❧❡ ♦❢ ♦♥❡  ❤❛ ❡✮ ✐  ✐   ❡①♣❡❝ ❡❞ ✈❛❧✉❡✿ ✐  ✐  ❡ ✉❛❧  ♦
 ❤❡ ❡①♣❡❝ ❡❞ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥  ♦❜ ❛✐♥❡❞ ❢ ♦♠  ❤✐   ❤❛ ❡ ♠✉❧ ✐♣❧✐❡❞ ❜②  ❤❡ ❡①♣❡❝ ❡❞
♣ ✐❝❡ ♦❢ ❝♦✉♣♦♥  ✭✐♥❝❧✉❞✐♥❣   ❛♥ ❛❝ ✐♦♥  ❝♦   ✮✳

   
   
ps + Ts.dsi =
 







■♥  ❤❡ ❛❜ ❡♥❝❡ ♦❢   ❛♥ ❛❝ ✐♦♥  ❝♦    ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✭✐♥  ❤❡ ❙✶ ❛♥❞ ❙✷   ❡❛ ✲
♠❡♥  ✮✱  ❤❡ ❡①♣❡❝ ❡❞ ✈❛❧✉❡ ♦❢ ❛  ❤❛ ❡ ✐  ❡ ✉❛❧ ❢♦  ❛❧❧  ✐ ❦✲♥❡✉  ❛❧ ❛❣❡♥  ✳ ❆  ❛  ❡ ✉❧ ✱
♥♦   ❛❞❡  ❤♦✉❧❞  ❛❦❡ ♣❧❛❝❡ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ✉♥❞❡   ❤❡ ❙✶✲❙✷   ❡❛ ♠❡♥  ✳ ❚❤❡
✐♥❝❡♥ ✐✈❡   ♦   ❛❞❡  ❤❛ ❡  ✐♥ ❙✶ ❛♥❞ ❙✷ ❛ ❡ ❢✉  ❤❡   ❡❞✉❝❡❞ ❜②  ❤❡ ♣ ❡ ❡♥❝❡ ♦❢   ❛♥ ✲
❛❝ ✐♦♥  ❝♦    ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡ ✳
❖♥  ❤❡ ❝♦♥  ❛ ②✱   ❛♥ ❛❝ ✐♦♥  ❝♦    ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✭✐♥  ❤❡ ❈✶ ❛♥❞ ❈✷   ❡❛ ✲
♠❡♥  ✮ ❝ ❡❛ ❡ ❤❡ ❡ ♦❣❡♥❡✐ ② ✐♥  ❤❡ ❡①♣❡❝ ❡❞ ✈❛❧✉❡ ♦❢ ❛  ❤❛ ❡ ❛❝ ♦    ✉❜❥❡❝   ✐❢  ❤❡②
❛♥ ✐❝✐♣❛ ❡  ♦ ❤❛✈❡ ❞✐✛❡ ❡♥  ♣♦ ✐ ✐♦♥  ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳ ❇✉②❡   ♦❢ ❝♦✉♣♦♥  ❤❛✈❡
❛ ❤✐❣❤❡  ✈❛❧✉❡ ❢♦   ❤❛ ❡ ✱ ✇❤❡ ❡❛   ❡❧❧❡   ♦❢ ❝♦✉♣♦♥  ❤❛✈❡ ❛ ❧♦✇❡  ✈❛❧✉❡✳ ❆  ❛  ❡ ✉❧ ✱
  ❛❞✐♥❣ ♦❢  ❤❛ ❡  ♦❝❝✉   ✐♥ ❡ ✉✐❧✐❜ ✐✉♠ ✐♥   ❡❛ ♠❡♥   ❈✶ ❛♥❞ ❈✷✳ ■♥  ❤❛  ❝❛ ❡✱  ❤❡
❡ ✉✐❧✐❜ ✐✉♠ ♣ ✐❝❡ ♦❢ ❛  ❤❛ ❡ ✐  ❛♥ ✐♥ ❡ ✈❛❧✱ ✇✐ ❤  ❤❡ ❧♦✇❡  ❜♦✉♥❞ ❜❡✐♥❣  ❤❡ ♠✐♥✐♠✉♠
♣ ✐❝❡ ❛  ✇❤✐❝❤ ❛ ♥❡   ❡❧❧❡  ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✐  ✇✐❧❧✐♥❣  ♦  ❡❧❧ ❛  ❤❛ ❡ ❛♥❞  ❤❡
❤✐❣❤❡  ❜♦✉♥❞ ❜❡✐♥❣  ❤❡ ♠❛①✐♠✉♠ ♣ ✐❝❡ ❛  ✇❤✐❝❤ ❛ ♥❡  ❜✉②❡  ♦❢ ❝♦✉♣♦♥  ✐  ✇✐❧❧✐♥❣  ♦
❜✉② ❛  ❤❛ ❡✿ pS ∈
  
t=1,2 πtWt [pc,t − Tc];
 
t=1,2 πtWt [pc,t + Tc]
 
✳
❚❤❡ ♠❛ ❣✐♥❛❧ ❜❡♥❡✜   ♦❢ ❝♦✉♣♦♥  ❤❛✈❡ ♥♦ ✐♠♣❛❝  ♦♥  ❤❡ ✇✐❧❧✐♥❣♥❡    ♦ ♣❛② ❢♦   ❤❛ ❡ 
❜❡❝❛✉ ❡  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ♣❧❛②   ❤❡  ♦❧❡ ♦❢ ❛  ❡❝♦♥❝✐❧✐❛ ✐♦♥ ♠❛ ❦❡ ✿ ❛❣❡♥   ❝❛♥ ❜✉②
♠♦ ❡ ♦   ❡❧❧ ❡①  ❛ ❝♦✉♣♦♥  ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳ ◆❡✈❡  ❤❡❧❡    ②♣❡ ♠❛  ❡   ❛  ✐ 
❞❡ ❡ ♠✐♥❡   ❤❡ ♥❡  ♣♦ ✐ ✐♦♥ ♦❢  ✉❜❥❡❝   ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳ ❇❡✐♥❣ ♥❡  ❜✉②❡   ✐♥
✶✹ ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✱  ②♣❡✲✷  ✉❜❥❡❝   ❛ ❡ ✇✐❧❧✐♥❣  ♦ ♣❛② ♠♦ ❡ ❢♦   ❤❛ ❡   ❤❛♥  ②♣❡✲
✶  ✉❜❥❡❝   ✇❤❡♥  ❤❡ ❡ ❛ ❡   ❛♥ ❛❝ ✐♦♥  ❝♦    ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳ ❆  ❛  ❡ ✉❧ ✱
 ②♣❡✲✶  ✉❜❥❡❝   ✇✐❧❧  ❡❧❧  ❤❛ ❡   ♦  ②♣❡✲✷  ✉❜❥❡❝   ✐♥  ❤❡ ❈✶ ❛♥❞ ❈✷   ❡❛ ♠❡♥  ✳ ❚❤❡
❡ ✉✐❧✐❜ ✐✉♠ ❛❧❧♦❝❛ ✐♦♥ ♦❢  ❤❛ ❡  ✐♥ ❈✶ ❛♥❞ ❈✷ ✐   ✉❝❤  ❤❛   ❤❡ ♥❡❡❞ ❢♦  ❝♦  ❧②   ❛❞❡ ✐♥
 ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✐  ♠✐♥✐♠✐③❡❞✳ ❲❤❡♥  ❤❡ ❡ ✐  ♦♥❧② ♦♥❡ ❧❡✈❡❧ ♦❢  ❡❝✉ ✐ ② ❢♦   ❤❛ ❡ 
✭❈✶✮✱  ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♥✉♠❜❡  ♦❢  ❤❛ ❡  ❤❡❧❞ ❜② ❡❛❝❤  ✉❜❥❡❝  ✐   ✉❝❤  ❤❛  ❝♦✉♣♦♥
  ❛❞✐♥❣ ✐   ❡ ✉✐ ❡❞ ♦♥❧② ✐♥  ❤❡ ②❡❧❧♦✇  ❝❡♥❛ ✐♦✳ ❊❛❝❤  ✉❜❥❡❝  ❤♦❧❞  ❛ ♥✉♠❜❡  ♦❢  ❤❛ ❡ 
❝♦  ❡ ♣♦♥❞✐♥❣  ♦ ❤✐  ♥❡❡❞ ❢♦  ❝♦✉♣♦♥  ✐♥  ❤❡ ❜❧✉❡  ❝❡♥❛ ✐♦✳ ❆  ✐♠♣❧❡ ❝❛❧❝✉❧❛ ✐♦♥
 ❤♦✇   ❤❛  ❛♥② ♦ ❤❡  ❛❧❧♦❝❛ ✐♦♥ ♦❢  ❤❛ ❡  ✐  ❧❡   ❡✣❝✐❡♥  ❛  ✐   ❡ ✉✐ ❡  ♠♦ ❡   ❛❞❡
✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳ ❲❤❡♥  ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧  ❢♦   ❤❛ ❡  ❛ ❡ ❛✈❛✐❧❛❜❧❡ ✭❈✷✮✱  ❤❡
❡①♣❡ ✐♠❡♥  ✐  ♣❛ ❛♠❡  ✐③❡❞ ✐♥ ❛ ✇❛② ✇❤✐❝❤ ❧❡❛❞   ♦  ❤❡ ❛❜ ❡♥❝❡ ♦❢   ❛❞❡ ✐♥  ❤❡ ❝♦✉♣♦♥ 
♠❛ ❦❡  ✐♥ ❜♦ ❤  ❝❡♥❛ ✐♦ ✱ ♣ ♦✈✐❞❡❞ ❡✣❝✐❡♥  ♣♦  ❢♦❧✐♦ ♦❢  ❤❛ ❡  ❤❛✈❡ ❜❡❡♥ ❝♦♥  ✐ ✉ ❡❞✳
❍✐❣❤  ❡❝✉ ✐ ②  ❤❛ ❡  ❛ ❡ ❜♦✉❣❤  ✐♥ ♦ ❞❡   ♦ ❝♦✈❡   ❤❡ ❛♥ ✐❝✐♣❛ ❡❞ ♥❡❡❞ ❢♦  ❝♦✉♣♦♥  ✐♥
 ❤❡ ②❡❧❧♦✇  ❝❡♥❛ ✐♦✱ ❛♥❞ ❧♦✇  ❡❝✉ ✐ ②  ❤❛ ❡  ❛ ❡ ❜♦✉❣❤   ♦ ♦❜ ❛✐♥ ❛♥❞  ✉♣♣❧❡♠❡♥   ❤❡
❛♥ ✐❝✐♣❛ ❡❞ ♥❡❡❞ ♦❢ ❝♦✉♣♦♥  ✐♥  ❤❡ ❜❧✉❡  ❝❡♥❛ ✐♦✳
❋ ♦♠  ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♣ ❡❞✐❝ ✐♦♥  ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡ ✱ ♦♥❡ ❝❛♥ ❝♦♠♣✉ ❡  ❤❡ ♥✉♠❜❡ 
♦❢ ❝♦✉♣♦♥   ❤❛  ✇✐❧❧ ❜❡  ❡❝❡✐✈❡❞ ❜② ❡❛❝❤  ②♣❡ ✐♥ ❡❛❝❤   ❡❛ ♠❡♥  ❛♥❞  ❝❡♥❛ ✐♦✳ ❚❤✐ 
♥❡❡❞   ♦ ❜❡ ❝♦♠♣❛ ❡❞  ♦  ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥  ❤❡❧❞ ❜② ❡❛❝❤  ②♣❡  ♦
❞❡ ❡ ♠✐♥❡  ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♥✉♠❜❡  ♦❢   ❛❞❡  ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✳ ❊ ✉✐❧✐❜ ✐✉♠
♣ ❡❞✐❝ ✐♦♥  ❢♦   ❤❡ ♥✉♠❜❡  ♦❢   ❛❞❡  ✐♥ ❡❛❝❤ ♠❛ ❦❡  ❛ ❡ ♣ ❡ ❡♥ ❡❞ ✐♥  ❛❜❧❡ ✹✳
■♠♣❛❝  ♦❢  ✐ ❦ ❛✈❡  ✐♦♥ ♦♥   ❛❞✐♥❣ ♣❛  ❡ ♥ 
❚❤❡  ❤❡♦ ❡ ✐❝❛❧ ♣ ❡❞✐❝ ✐♦♥  ♣ ❡ ❡♥ ❡❞ ❛❜♦✈❡ ❛ ❡ ❝❛❧❝✉❧❛ ❡❞ ✉♥❞❡   ❤❡ ❛  ✉♠♣ ✐♦♥ ♦❢
 ✐ ❦ ♥❡✉  ❛❧✐ ②✳ ■♥  ♦❞✉❝✐♥❣  ✐ ❦ ❛✈❡  ✐♦♥ ♦❢  ✉❜❥❡❝   ❞♦❡  ♥♦  ❤❛✈❡ ❛♥ ✐♠♣❛❝  ♦♥
 ❤❡  ❤❡♦ ❡ ✐❝❛❧❧②✲❝❛❧❝✉❧❛ ❡❞ ✜♥❛❧ ❛❧❧♦❝❛ ✐♦♥ ♦❢ ❝♦✉♣♦♥   ✐♥❝❡ ✉♥❝❡  ❛✐♥ ② ✐   ❡ ♦❧✈❡❞
❜❡❢♦ ❡ ❝♦✉♣♦♥  ❛ ❡   ❛❞❡❞✳ ❍♦✇❡✈❡ ✱  ✐ ❦ ❛✈❡  ✐♦♥ ♣♦ ❡♥ ✐❛❧❧② ✐♠♣❛❝    ❤❡ ✇✐❧❧✐♥❣♥❡  
♦❢  ✉❜❥❡❝    ♦ ♣❛  ✐❝✐♣❛ ❡ ✐♥ ♦♥❡ ♠❛ ❦❡   ❛ ❤❡   ❤❛♥  ❤❡ ♦ ❤❡ ✳ ❚❤✐  ❡✛❡❝  ✐  ❛♠❜✐❣✉♦✉ 
✇❤❡♥  ✉❜❥❡❝   ❝❛♥ ❜❡ ❜♦ ❤ ❜✉②❡   ❛♥❞  ❡❧❧❡   ❛♥❞ ❝❛♥   ❛❞❡ ❜♦ ❤ ✐♥  ❤❡ ❝♦✉♣♦♥ ❛♥❞
 ❤❡  ❤❛ ❡  ♠❛ ❦❡ ✳ ▼♦   ♦❢  ❤❡ ♣ ❡✈✐♦✉  ♠♦❞❡❧  ❡①❛♠✐♥✐♥❣ ❞❡❝✐ ✐♦♥  ✐♥ ✇❛ ❡  ♠❛ ❦❡  
✭❍♦✇✐   ❛♥❞ ❚❛②❧♦  ✭✶✾✾✸✮✱ ❈❛❧❛  ❛✈❛ ❛♥❞ ●❛  ✐❞♦ ✭✷✵✵✻❜✮✮ ❤❛✈❡ ✐❣♥♦ ❡❞  ❤✐  ✐  ✉❡✳
❘✐ ❦ ❛✈❡  ✐♦♥ ❝❛♥ ♣♦ ❡♥ ✐❛❧❧② ❤❛✈❡  ✇♦ ❡✛❡❝  ✳ ❖♥  ❤❡ ♦♥❡ ❤❛♥❞✱  ✐ ❦ ❛✈❡  ❡  ✉❜❥❡❝  
♠❛② ♣ ❡❢❡   ♦   ❛❞❡ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ❛  ♠♦ ❡ ✐♥❢♦ ♠❛ ✐♦♥ ✐  ❛✈❛✐❧❛❜❧❡ ❛   ❤✐ 
✶✺  ❛❣❡✳ ❊✈❡♥ ✐❢ ❝♦✉♣♦♥   ❛❞✐♥❣ ✐  ❝♦  ❧② ✭  ❡❛ ♠❡♥   ❈✶✲❈✷✮✱  ❤❡② ♠❛② ❜❡ ✇✐❧❧✐♥❣  ♦
  ❛❞❡✲♦✛ ❣ ❡❛ ❡    ❛♥ ❛❝ ✐♦♥  ❝♦    ❢♦  ❛ ❣❛✐♥ ✐♥ ✐♥❢♦ ♠❛ ✐♦♥✳ ❖♥  ❤❡ ♦ ❤❡  ❤❛♥❞✱  ✐ ❦
❛✈❡  ❡  ✉❜❥❡❝   ♠❛② ❜❡ ✇✐❧❧✐♥❣  ♦ ❜✉②  ❤❛ ❡  ❛  ❛♥ ✐♥ ✉ ❛♥❝❡ ❛❣❛✐♥   ❛  ♠❛❧❧ ❛❧❧♦❝❛ ✐♦♥
♦❢ ❝♦✉♣♦♥  ✭✐❢  ❤❡  ❝❡♥❛ ✐♦ ✐  ②❡❧❧♦✇✮✱ ✐♥ ♦ ❞❡   ♦  ❡❝✉ ❡ ❛ ♠✐♥✐♠✉♠ ♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥ ✳
❚❤✐  ✐  ♣❛  ✐❝✉❧❛ ❧②   ✉❡ ❢♦   ②♣❡✲✷  ✉❜❥❡❝   ❜❡❝❛✉ ❡  ❤❡② ♥❡❡❞ ❛  ❧❡❛   ✹ ❝♦✉♣♦♥   ♦
❣❡  ❜❡♥❡✜   ❢ ♦♠ ❝♦✉♣♦♥ ✳ ❆  ❛  ❡ ✉❧ ✱ ✐❢  ❤❡ ✜    ✭ ❡❝♦♥❞✮ ❡✛❡❝  ✐     ♦♥❣❡ ✱  ❤❡
  ❛❞✐♥❣ ❛❝ ✐✈✐ ② ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ✐  ❡①♣❡❝ ❡❞  ♦ ❜❡ ❧♦✇❡  ✭❤✐❣❤❡ ✮ ✉♥❞❡   ✐ ❦
❛✈❡  ✐♦♥ ❝♦♠♣❛ ❡❞  ♦  ❤❡  ✐ ❦ ♥❡✉  ❛❧ ♣ ❡❞✐❝ ✐♦♥✳ ❘✐ ❦ ❛✈❡  ✐♦♥ ❝❛♥  ❤❡ ❡❢♦ ❡ ❤❛✈❡ ❛♥
✐♠♣❛❝  ♦♥  ❤❡ ♣❡ ❢♦ ♠❛♥❝❡ ♦❢  ❤❡ ♠❛ ❦❡ ✳
❲❡ ❦♥♦✇ ❢ ♦♠  ❤❡  ✐ ❦ ♣ ❡❢❡ ❡♥❝❡ ❡❧✐❝✐ ❛ ✐♦♥  ❛ ❦  ❤❛   ✉❜❥❡❝   ❛ ❡  ✐ ❦ ❛✈❡  ❡ ♦♥ ❛✈✲
❡ ❛❣❡✱ ✇✐ ❤  ❡❧❛ ✐✈❡❧② ❤✐❣❤ ❤❡ ❡ ♦❣❡♥❡✐ ② ✭❛✈❡ ❛❣❡  ✇✐ ❝❤ ♣♦✐♥  ❂ ✻✳✷✵✱   ❞✳ ❞❡✈✐❛ ✐♦♥
❂ ✷✳✷✻✮✳ ❚❤✐  ♣❛  ❡ ♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧  ✐ ❦ ♣ ❡❢❡ ❡♥❝❡  ✐  ❧✐❦❡❧②  ♦ ❛✛❡❝  ❡①♣❡ ✐♠❡♥ ❛❧
♦✉ ❝♦♠❡  ❛♥❞ ❡①♣❧❛✐♥ ❞❡♣❛  ✉ ❡ ❢ ♦♠  ❤❡♦ ❡ ✐❝❛❧ ♣ ❡❞✐❝ ✐♦♥ ✳ ❍♦✇❡✈❡ ✱ ✐  ✐  ✉♥❝❧❡❛ 
 ♦ ✇❤❛  ❡① ❡♥  ❞❡❝✐ ✐♦♥  ✇✐❧❧ ❜❡ ✐♠♣❛❝ ❡❞ ❜② ✐♥❞✐✈✐❞✉❛❧  ✐ ❦ ♣ ❡❢❡ ❡♥❝❡  ♦❢  ✉❜❥❡❝  
✭❡❧✐❝✐ ❡❞ ❜❡❢♦ ❡  ❤❡ ♠❛ ❦❡  ❡①♣❡ ✐♠❡♥  ✇✐ ❤  ❤❡ ❧♦  ❡ ②  ❛ ❦✮ ❛  ❝♦♠♣❛ ❡❞  ♦  ②♣❡
❝❤❛ ❛❝ ❡ ✐  ✐❝ ✳ ■♥❞❡❡❞✱  ❤❡  ❤❛♣❡ ❛♥❞  ❧♦♣❡ ♦❢  ❤❡ ❜❡♥❡✜  ❢✉♥❝ ✐♦♥  ❝❤❛♥❣❡  ❤❡ ♠❛❣✲
♥✐ ✉❞❡ ♦❢ ♣♦ ❡♥ ✐❛❧ ❧♦  ❡  ❢❛❝❡❞ ❜②  ✉❜❥❡❝   ❛♥❞ ❛ ❡ ❧✐❦❡❧②  ♦ ✐♥✢✉❡♥❝❡  ❤❡♠ ✇❤❡♥
❢❛❝✐♥❣  ✐ ❦② ❞❡❝✐ ✐♦♥ ✳ ❲❡ ❛  ✉♠❡  ❤❛   ✉❜❥❡❝  ✬ ❜❡❤❛✈✐♦  ✐  ✐♥✢✉❡♥❝❡❞ ♠♦ ❡ ❜②  ❤❡
 ❤❛♣❡ ♦❢  ❤❡✐  ❜❡♥❡✜  ❢✉♥❝ ✐♦♥  ✭ ❤❡✐   ②♣❡ ✮  ❤❛♥ ❜② ✐♥❞✐✈✐❞✉❛❧ ❡❧✐❝✐ ❡❞  ✐ ❦ ❛✈❡  ✐♦♥
✭❊❘❆✮ ✭ ❡❡ ❇♦✇❧❡  ✭✶✾✾✽✮ ❢♦  ❛ ❞✐ ❝✉  ✐♦♥ ♦♥ ❤♦✇ ❡❝♦♥♦♠✐❝ ❝✐ ❝✉♠  ❛♥❝❡  ❝❛♥ ✐♥✢✉✲
❡♥❝❡ ♣ ❡❢❡ ❡♥❝❡  ❛♥❞ ❙❝❤♦❡♠❛❦❡  ✭✶✾✾✸✮ ❢♦  ❛  ❡✈✐❡✇ ♦❢  ❤❡ ❞✐✛❡ ❡♥❝❡ ❜❡ ✇❡❡♥ ❡❧✐❝✐ ❡❞
 ✐ ❦ ❛✈❡  ✐♦♥ ❛♥❞ ♦❜ ❡ ✈❡❞  ✐ ❦  ❛❦✐♥❣ ❜❡❤❛✈✐♦ ✮✳ ✽ ❲❡  ❤❡ ❡❢♦ ❡ ❡①♣❡❝   ②♣❡✲✷  ✉❜❥❡❝  
 ♦ ❜❡❤❛✈❡ ✐♥ ❛ ❧❡    ✐ ❦✲ ♦❧❡ ❛♥  ✇❛② ✭❜❡❝❛✉ ❡ ♦❢  ❤❡✐  ❞✐ ❝♦♥ ✐♥✉♦✉  ❛♥❞ ❤✐❣❤❧② ✐♥❡❧❛ ✲
 ✐❝ ✇❛ ❡  ❞❡♠❛♥❞ ❢✉♥❝ ✐♦♥✮  ❤❛♥  ②♣❡✲✶  ✉❜❥❡❝   ✭❛   ❤❡② ❞✐ ♣❧❛② ❛ ♠♦ ❡ ❡❧❛  ✐❝ ♦ 
❝♦♥❝❛✈❡ ❞❡♠❛♥❞ ❢✉♥❝ ✐♦♥✮✳ ❚❤❡ ❡❢♦ ❡✱  ♦  ✐♠♣❧✐❢②✱ ✇❡ ✇✐❧❧ ❞❡ ❝ ✐❜❡  ②♣❡✲✷  ✉❜❥❡❝   ❛ 
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❜❡❝❛✉ ❡ ✉♥❝❡  ❛✐♥ ② ✐  ♥♦   ❡ ♦❧✈❡❞ ✇❤❡♥  ✉❜❥❡❝   ❛ ❡   ❛❞✐♥❣  ❤❛ ❡ ✱ ✇❡ ❝❛♥ ❡①♣❡❝ 
 ❤❡ ❛✈❡ ❛❣❡ ♦❜ ❡ ✈❡❞ ♣ ✐❝❡ ♦❢  ❤❛ ❡   ♦ ❞❡✈✐❛ ❡ ❢ ♦♠  ❤❡ ❛✈❡ ❛❣❡ ♣ ✐❝❡ ♦❢ ❝♦✉♣♦♥ ✳ ❚♦
❡①❛♠✐♥❡  ❤✐  ♠♦ ❡ ❝❧♦ ❡❧②✱ ✇❡ ❝♦♠♣✉ ❡✱ ❢♦  ❡❛❝❤ ❣ ♦✉♣ ❛♥❞ ♣❡ ✐♦❞✱  ❤❡ ♣ ✐❝❡ ♠❛ ❦✉♣✱
❞❡✜♥❡❞ ❛   ❤❡ ❞✐✛❡ ❡♥❝❡ ❜❡ ✇❡❡♥  ❤❡ ♦❜ ❡ ✈❡❞ ❛✈❡ ❛❣❡ ♣ ✐❝❡ ♦❢ ❛  ❤❛ ❡ ❞✐✈✐❞❡❞ ❜②  ❤❡
♥✉♠❜❡  ♦❢ ❝♦✉♣♦♥  ♦❜ ❛✐♥❡❞ ❢ ♦♠  ❤✐   ❤❛ ❡✱ ❛♥❞  ❤❡ ❛✈❡ ❛❣❡ ♣ ✐❝❡ ♦❢ ❛ ❝♦✉♣♦♥ ✐♥  ❤❡
 ❛♠❡ ♣❡ ✐♦❞✳ ❲❡ ✐♥❝❧✉❞❡   ❛♥ ❛❝ ✐♦♥  ❝♦    ✐♥  ❤❡ ♣ ✐❝❡ ♣❛✐❞✳ ■♥  ❤❡♦ ②✱  ❤❡ ♠❛ ❦✉♣
 ❤♦✉❧❞ ❜❡ ③❡ ♦ ✐❢  ✉❜❥❡❝   ❛ ❡  ✐ ❦ ♥❡✉  ❛❧ ❛♥❞ ❛ ❡ ❛❜❧❡  ♦ ♣❡ ❢❡❝ ❧② ❛♥ ✐❝✐♣❛ ❡ ✇❤❛   ❤❡
♣ ✐❝❡ ✇✐❧❧ ❜❡ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✐♥ ❡❛❝❤  ❝❡♥❛ ✐♦✿ ✐♥❞❡❡❞✱ ✉♥❞❡   ✉❝❤ ❛  ✉♠♣ ✐♦♥ ✱
 ❤❡②  ❤♦✉❧❞   ❛❞❡  ❤❛ ❡  ❛  ❛ ♣ ✐❝❡ ❡ ✉❛❧  ♦  ❤❡✐  ❡①♣❡❝ ❡❞ ✈❛❧✉❡✳ ■♥  ❤❡ ❡①♣❡ ✐♠❡♥ ✱
 ❤❡ ❛✈❡ ❛❣❡ ♠❛ ❦✉♣ ✐   ✐❣♥✐✜❝❛♥ ❧② ♣♦ ✐ ✐✈❡ ✐♥ ❛❧❧   ❡❛ ♠❡♥   ❜✉  ❈✷ ✭✹✳✾✽ ❊❈❯❙ ✐♥
❈✶✱ ✵✳✵✸ ✐♥ ❈✷✱ ✾✳✷✼ ✐♥ ❙✶ ❛♥❞ ✺✳✼✸ ✐♥ ❙✷✮✱ ✐♥❞✐❝❛ ✐♥❣  ❤❛  ✐♥ ❛❧❧   ❡❛ ♠❡♥   ❜✉  ❈✷✱
❜✉②❡   ♦✈❡ ♣❛② ❢♦   ❤❛ ❡ ✳ ▲♦✇ ♣ ✐❝❡ ♠❛ ❦✉♣ ✐  ❛♥ ✐♥❞✐❝❛ ♦  ♦❢ ♠❛ ❦❡  ❡✣❝✐❡♥❝②✱
✷✵✇❤✐❝❤  ❡❡♠  ♦♥❧②  ❡❛❝❤❡❞ ❢♦    ❡❛ ♠❡♥  ❈✷✱ ✐♥ ✇❤✐❝❤   ❛♥ ❛❝ ✐♦♥  ❝♦    ❛ ❡ ❤✐❣❤❡  ♦♥
 ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ❛♥❞ ✇❤✐❝❤ ♣ ♦♣♦ ❡  ❛  ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧   ②  ❡♠ ❢♦   ❤❛ ❡ ✳
❆❢ ❡  ❤❛✈✐♥❣ ♣ ❡ ❡♥ ❡❞  ❤❡ ❡ ❣❡♥❡ ❛❧ ❢❡❛ ✉ ❡  ♦❢ ♦✉  ❡①♣❡ ✐♠❡♥ ❛❧ ❞❛ ❛✱ ✇❡ ❡①❛♠✐♥❡
 ❤❡  ♣❡❝✐✜❝ ❤②♣♦ ❤❡ ❡  ❝♦♥❝❡ ♥✐♥❣ ♣ ♦✜   ❛♥❞  ✐ ❦ ♠❛♥❛❣❡♠❡♥ ✳
❍②♣♦ ❤❡ ✐  ✶✿   ♦✜  
❉❡ ❝ ✐♣ ✐✈❡   ❛ ✐  ✐❝  ♦♥ ♣ ♦✜   ❛ ❡ ♣ ❡ ❡♥ ❡❞ ✐♥  ❛❜❧❡ ✻✳ ❲❤❡♥   ❛♥ ❛❝ ✐♦♥  ❝♦    ❛ ❡
❣ ❡❛ ❡  ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ ✱ ❛✈❡ ❛❣❡ ♣ ♦✜   ❛ ❡  ✐❣♥✐✜❝❛♥ ❧② ❤✐❣❤❡  ✉♥❞❡  ❛  ✇♦
 ❡❝✉ ✐ ② ❧❡✈❡❧  ②  ❡♠ ✭❈✷ ❝♦♠♣❛ ❡❞  ♦ ❈✶✮✳ ❖♥  ❤❡ ♦ ❤❡  ❤❛♥❞✱ ✇❡ ♦❜ ❡ ✈❡  ❤❛  ♣ ♦✜  
❛ ❡  ✐❣♥✐✜❝❛♥ ❧② ❧♦✇❡  ✐♥ ❙✷  ❤❛♥ ✐♥ ❙✶✳ ❚❤❡ ❡  ❡ ✉❧   ❛❧ ♦ ❤♦❧❞ ✇❤❡♥ ❝♦♥ ✐❞❡ ✐♥❣
❡✣❝✐❡♥❝②  ❛ ✐♦ ✐♥  ❡❛❞ ♦❢  ♦ ❛❧ ♣ ♦✜  ✳ ✶✵ ❚❛❜❧❡ ✼ ♣ ❡ ❡♥    ❡ ✉❧   ✇✐ ❤  ❛♥❞♦♠ ❡✛❡❝  
❣❡♥❡ ❛❧✐③❡❞ ❧❡❛     ✉❛ ❡   ❡❣ ❡  ✐♦♥  ✇✐ ❤ ❝❧✉  ❡ ✐♥❣✱ ✇❤❡ ❡  ❤❡ ❞❡♣❡♥❞❡♥  ✈❛ ✐❛❜❧❡ ✐ 
 ❤❡ ♣ ♦✜  ♠❛❞❡ ❛   ❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✳ ❚✇♦  ❡♣❛ ❛ ❡  ❡❣ ❡  ✐♦♥ ♠♦❞❡❧  ❛ ❡ ❡  ✐♠❛ ❡❞
❢♦  ❈✶✲❈✷ ❛♥❞ ❙✶✲❙✷✳ ❊①♣❧❛♥❛ ♦ ② ✈❛ ✐❛❜❧❡  ✐♥❝❧✉❞❡   ❡❛ ♠❡♥  ❞✉♠♠✐❡  ✭❧❛❜❡❧❡❞ ❈✷
❛♥❞ ❙✷✮✱ ❛  ❝❡♥❛ ✐♦ ❞✉♠♠② ✭❧❛❜❡❧❡❞ ②❡❧❧♦✇ ✇❤✐❝❤  ❛❦❡  ❛ ✈❛❧✉❡ ♦❢ ✶ ✇❤❡♥  ❤❡  ❝❡♥❛ ✐♦
✐  ②❡❧❧♦✇✮✱  ②♣❡ ❞✉♠♠✐❡  ✭❚②♣❡✷❂✶ ✇❤❡♥  ✉❜❥❡❝ ✬   ②♣❡ ✐   ②♣❡ ✷✮ ❛  ✇❡❧❧ ❛  ♣❡ ✐♦❞
❛♥❞ ❡❧✐❝✐ ❡❞  ✐ ❦ ❛✈❡  ✐♦♥ ✭❊❘❆✮✳ ❆  ❡①♣❡❝ ❡❞✱ ♣ ♦✜   ❛ ❡ ❧♦✇❡  ✉♥❞❡   ❤❡ ②❡❧❧♦✇
 ❝❡♥❛ ✐♦ ❛♥❞ ❤✐❣❤❡  ❢♦   ②♣❡ ✷  ✉❜❥❡❝  ✳ ❲❡ ❛❧ ♦ ♦❜ ❡ ✈❡ ❛  ✐❣♥✐✜❝❛♥  ❛♥❞ ♣♦ ✐ ✐✈❡
❡✛❡❝  ♦❢ ♣❡ ✐♦❞✱  ❡✈❡❛❧✐♥❣ ❛ ❧❡❛ ♥✐♥❣ ❡✛❡❝ ✳ ❊❧✐❝✐ ❡❞  ✐ ❦ ❛✈❡  ✐♦♥ ✭❊❘❆✮ ❞♦❡  ♥♦ 
 ✐❣♥✐✜❝❛♥ ❧② ❡①♣❧❛✐♥ ✈❛ ✐❛ ✐♦♥ ✐♥ ♣ ♦✜  ✳ ❈♦♥ ✐  ❡♥  ✇✐ ❤  ❤❡ ♥♦♥✲♣❛ ❛♠❡  ✐❝  ❡ ✉❧  ✱
 ❤❡ ❝♦❡✣❝✐❡♥  ♦❢  ❤❡   ❡❛ ♠❡♥  ❞✉♠♠② ✐   ✐❣♥✐✜❝❛♥  ❛♥❞ ♣♦ ✐ ✐✈❡ ❢♦  ❈✷ ✭ ❝♦❧✉♠♥
✶✱ ❛❜❧❡ ✼ ✮ ❛♥❞ ♥❡❣❛ ✐✈❡ ❢♦  ❙✷ ✭❝♦❧✉♠♥ ✸✱  ❛❜❧❡ ✼ ✮✳
■♥ ❝♦❧✉♠♥  ✷ ❛♥❞ ✹ ♦❢  ❛❜❧❡ ✼✱ ✇❡ ❛❧ ♦  ❡♣♦    ❡❣ ❡  ✐♦♥  ♣❡❝✐✜❝❛ ✐♦♥  ✇✐ ❤ ✐♥ ❡ ❛❝ ✐♦♥
✈❛ ✐❛❜❧❡ ✳ ❚❤❡ ✐♠♣❛❝  ♦❢   ❡❛ ♠❡♥ ✱  ②♣❡✱  ❝❡♥❛ ✐♦✱ ♣❡ ✐♦❞ ❛♥❞ ❊❘❆ ✐  ✉♥❝❤❛♥❣❡❞✳
❚❤❡  ♦ ❛❧ ❡✛❡❝  ♦❢  ❤❡   ❡❛ ♠❡♥  ✐  ❧❛ ❣❡ ❛♥❞   ❛ ✐  ✐❝❛❧❧②  ✐❣♥✐✜❝❛♥  ✭❈✷✿ ❝♦❡✣❝✐❡♥ 
❂ ✺✳✾✽✽❀ ♣✲✈❛❧✉❡ ❂ ✵✳✵✵✾ ❛♥❞ ❙✷✿ ❝♦❡✣❝✐❡♥  ❂ ✲✹✳✼✶✺❀ ♣✲✈❛❧✉❡❂ ✵✳✵✸✵❀  ❡❡ ❢♦♦ ♥♦ ❡
♦❢  ❛❜❧❡ ✾ ❢♦  ❛♥ ❡①♣❧❛♥❛ ✐♦♥ ♦♥  ❤❡ ❝♦♠♣✉ ❛ ✐♦♥ ♦❢  ❤❡  ♦ ❛❧ ❡✛❡❝ ✮✳ ❲❤✐❧❡  ❤❡
✐♥ ❡ ❛❝ ✐♦♥ ✈❛ ✐❛❜❧❡ ❜❡ ✇❡❡♥  ②♣❡ ✷ ❛♥❞   ❡❛ ♠❡♥  ✐  ♥♦   ✐❣♥✐✜❝❛♥  ✐♥ ❈✶✲❈✷✱ ✐  ✐ 
 ✐❣♥✐✜❝❛♥ ❧② ♥❡❣❛ ✐✈❡ ✐♥ ❙✶✲❙✷✱  ✉❣❣❡  ✐♥❣  ❤❛   ②♣❡✲✷  ✉❜❥❡❝   ❛ ❡ ✇♦  ❡ ♦✛ ✐♥ ❛
❞✐✛❡ ❡♥ ✐❛ ❡❞  ②  ❡♠ ✭❝♦❧✉♠♥ ✹✱  ❛❜❧❡ ✼ ✮✳ ❍❡♥❝❡✱  ❤❡  ❡❞✉❝ ✐♦♥ ✐♥ ♣ ♦✜   ❞✉❡  ♦
❞✐✛❡ ❡♥ ✐❛ ❡❞  ❤❛ ❡  ✐  ♠❛✐♥❧② ❡♥❞✉ ❡❞ ❜②  ②♣❡✲✷  ✉❜❥❡❝   ✇❤❡♥   ❛♥ ❛❝ ✐♦♥  ❝♦   
❛ ❡ ❤✐❣❤❡  ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡ ✱ ✇❤❡ ❡❛  ❜♦ ❤  ②♣❡  ❣❛✐♥ ❢ ♦♠ ❞✐✛❡ ❡♥ ✐❛ ❡❞  ❤❛ ❡ 
✇❤❡♥   ❛♥ ❛❝ ✐♦♥  ❝♦    ❛ ❡ ❤✐❣❤❡  ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡ 
✷✶❚♦ ✉♥❞❡   ❛♥❞  ❤❡ ♦❜ ❡ ✈❡❞ ❛ ②♠♠❡  ② ❜❡ ✇❡❡♥  ②♣❡✲✶ ❛♥❞  ②♣❡✲✷  ✉❜❥❡❝   ❜❡  ❡ ✱ ✇❡
❡  ✐♠❛ ❡❞ ❛  ❛♥❞♦♠ ❡✛❡❝   ❣❡♥❡ ❛❧✐③❡❞ ❧❡❛     ✉❛ ❡   ❡❣ ❡  ✐♦♥ ♠♦❞❡❧ ✇✐ ❤ ❝❧✉  ❡ ✐♥❣✱
✇❤❡ ❡  ❤❡ ❞❡♣❡♥❞❡♥  ✈❛ ✐❛❜❧❡ ✐   ❤❡ ❛✈❡ ❛❣❡ ♣ ✐❝❡ ♣❛✐❞ ❢♦  ❛  ❤❛ ❡ ❜② ❛  ✉❜❥❡❝  ✐♥
♦♥❡ ♣❡ ✐♦❞ ✭❣❡♥❡ ❛❧  ❡❝✉ ✐ ②  ❤❛ ❡  ✐♥ ❈✶✲❙✶ ❛♥❞ ❤✐❣❤  ❡❝✉ ✐ ②  ❤❛ ❡  ✐♥ ❈✷✲❙✷✮✳ ❲❡
♦❜ ❡ ✈❡  ❤❛  ❝♦♥  ♦❧❧✐♥❣ ❢♦    ❡❛ ♠❡♥  ❞✉♠♠✐❡ ✱ ❡❧✐❝✐ ❡❞  ✐ ❦ ❛✈❡  ✐♦♥ ♦❢ ❜✉②❡   ❛♥❞
 ❡❧❧❡   ❛♥❞ ♣❡ ✐♦❞✱  ❤❡ ♣ ✐❝❡ ♣❛✐❞ ❢♦  ❛  ❤❛ ❡ ✐   ✐❣♥✐✜❝❛♥ ❧② ❤✐❣❤❡  ✐❢  ❤❡ ❜✉②❡  ✐ 
♦❢  ②♣❡ ✷ ❛♥❞✴♦  ✐❢  ❤❡  ❡❧❧❡  ✐  ♦❢  ②♣❡ ✶ ✭ ❤❡ ♣✲✈❛❧✉❡  ❛  ♦❝✐❛ ❡❞ ✇✐ ❤  ❤❡  ❡❧❡✈❛♥ 
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♣✉ ❝❤❛ ❡ ✇❛ ❡  ❛  ❛ ❧❛ ❡  ❞❛ ❡✱ ❝♦♥ ✐♥❣❡♥  ♦♥  ❤❡ ♣ ❡✲ ♣❡❝✐✜❡❞    ✐❦❡ ♣ ✐❝❡ ✭❍♦✇✐  
✭✶✾✾✽✮✱ ❍❛♥ ❡♥ ❡  ❛❧✳ ✭✷✵✵✽✮✮✳ ❋✉ ✉ ❡  ❡ ❡❛ ❝❤ ✐♥  ❤✐  ❛ ❡❛ ❝♦✉❧❞ ❝♦♠♣❛ ❡ ❜♦ ❤ ♣♦❧✐❝✐❡ 
✉ ✐♥❣ ❡①♣❡ ✐♠❡♥ ❛❧ ♠❡ ❤♦❞ ✿ ✇❛ ❡   ✐❣❤   ♠❛ ❦❡    ♦   ❛❞❡  ✐❣❤   ✇✐ ❤ ❞✐✛❡ ❡♥  ❧❡✈❡❧ 
♦❢  ❡❝✉ ✐ ② ♦  ❛♥ ♦♣ ✐♦♥ ♠❛ ❦❡  ❢♦  ❢✉ ✉ ❡ ❛❧❧♦❝❛ ✐♦♥✳ ■♥ ♦ ❞❡   ♦ ❝♦♠♣❛ ❡  ❤❡ ❡  ✇♦
❛❧ ❡ ♥❛ ✐✈❡  ②  ❡♠ ✱  ❤❡   ❛❞❡✲♦✛ ❜❡ ✇❡❡♥ ♣♦ ❡♥ ✐❛❧ ❡✣❝✐❡♥❝② ♦❢  ❤❡  ❝❤❡♠❡ ❛♥❞  ❤❡
♥❡❝❡  ❛ ② ❧❡✈❡❧ ♦❢ ♣❛  ✐❝✐♣❛ ✐♦♥ ✐♥  ❤❡ ♠❛ ❦❡   ✇♦✉❧❞ ♥❡❡❞  ♦ ❜❡ ❝♦♥ ✐❞❡ ❡❞✳ ❋♦ 
❡①❛♠♣❧❡✱ ✐  ✐  ♣♦  ✐❜❧❡  ❤❛   ❤❡ ♣❡ ❢♦ ♠❛♥❝❡ ♦❢ ❛ ❢✉ ✉ ❡  ♠❛ ❦❡  ♠❛② ❜❡ ❧❡   ❞❡♣❡♥❞❡♥ 
♦♥  ❤❡ ♥✉♠❜❡  ♦❢   ❛❞❡  ❛♥❞   ❛♥ ❛❝ ✐♦♥  ❝♦    ❛  ❝♦♠♣❛ ❡❞  ♦ ❛ ❞✐✛❡ ❡♥ ✐❛ ❡❞ ✇❛ ❡ 
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✐  ♥♦  ❡❝♦♥❝✐❧✐❛ ✐♦♥ ♠❛ ❦❡  ✐♥  ❤❡✐  ❞❡ ✐❣♥✱  ❤❡ ♦♥❧② ✇❛②  ♦ ❛❝❤✐❡✈❡ ❡✣❝✐❡♥  ❛❧❧♦❝❛ ✐♦♥ ✐   ❤ ♦✉❣❤  ❤❡
❛✉❝ ✐♦♥ ❛♥❞  ❤❡  ❛ ✐♦♥✐♥❣  ❝❤❡♠❡✳ ❖✉  ❛  ✐❝❧❡ ♦♥  ❤❡ ❝♦♥  ❛ ② ❤❛  ❛  ❡❝♦♥❝✐❧✐❛ ✐♦♥ ♠❡❝❤❛♥✐ ♠ ✭ ❤❡
♠❛ ❦❡  ❢♦  ✇❛ ❡  ❛❧❧♦❝❛ ✐♦♥ ✐  ❛ ❦✐♥❞ ♦❢  ❡❝♦♥❝✐❧✐❛ ✐♦♥ ♠❛ ❦❡  ✐♥ ❝❛ ❡  ❤❡ ❛❧❧♦❝❛ ✐♦♥ ✐  ♥♦  ❡✣❝✐❡♥ 
❛❢ ❡   ❤❡ ♠❛ ❦❡  ❢♦  ✇❛ ❡   ✐❣❤  ✮✱ ❤❡♥❝❡ ❡✣❝✐❡♥  ❛❧❧♦❝❛ ✐♦♥ ✐   ❤❡  ❡ ✉❧  ♦❢ ❜♦ ❤  ❤❡ ❛❧❧♦❝❛ ✐♦♥ ❛♥❞
 ❤❡  ✐❣❤   ♠❛ ❦❡ ✱ ❛  ✇❡ ❞❡ ❝ ✐❜❡ ✐♥  ❤❡ ♥❡①  ♣❛ ❛❣ ❛♣❤✳
✸❲❛ ❡  ✉ ❡  ✬ ✇✐❧❧✐♥❣♥❡    ♦ ♣❛② ❢♦   ❡❧✐❛❜✐❧✐ ② ❤❛  ❜❡❡♥   ✉❞✐❡❞ ❡① ❡♥ ✐✈❡❧② ❜✉  ♠❛✐♥❧② ✐♥  ❤❡
❝♦♥ ❡①  ♦❢ ♣♦ ❛❜❧❡ ✇❛ ❡ ✳ ❚❤❡ ❡   ✉❞✐❡  ❛✐♠ ❛  ♠❡❛ ✉ ✐♥❣  ❤❡ ♦♣ ✐♠❛❧ ❝❛♣❛❝✐ ② ❢♦  ♣♦ ❛❜❧❡ ✇❛ ❡ 
❞✐   ✐❜✉ ✐♦♥ ❣✐✈❡♥  ❤❡   ❛❞❡✲♦✛ ❜❡ ✇❡❡♥  ❤❡ ❛❞❞✐ ✐♦♥❛❧ ❝♦   ♦❢ ✉♣❣ ❛❞✐♥❣  ❤❡ ✐♥❢ ❛   ✉❝ ✉ ❡ ❛♥❞  ✐ ❦
♦❢ ✇❛ ❡   ❡   ✐❝ ✐♦♥ ✭ ❡❡ ● ✐✣♥ ❛♥❞ ▼❥❡❧❞❡ ✭✷✵✵✵✮ ❢♦  ❡①❛♠♣❧❡✮✳
✹■♥ ♣ ❛❝ ✐❝❡ ✭❢♦  ❡①❛♠♣❧❡✱ ✐♥  ❤❡ ❆✉   ❛❧✐❛♥ ❝♦♥ ❡① ✮✱ ❜♦ ❤ ♠❛ ❦❡   ❝♦✉❧❞ ♦♣❡ ❛ ❡  ✐♠✉❧ ❛♥❡♦✉ ❧②
❜✉   ❤❡ ❤✐❣❤  ❡❝✉ ✐ ② ♠❛ ❦❡   ❡♥❞   ♦ ❜❡ ♠♦ ❡ ❛❝ ✐✈❡✳ ■♥  ❤❡♦ ②✱  ❤❡ ♦ ❞❡  ✐♥ ✇❤✐❝❤   ❛❞✐♥❣  ❛❦❡ 
♣❧❛❝❡ ❞♦❡  ♥♦  ✐♠♣❛❝   ❤❡ ❡ ✉✐❧✐❜ ✐✉♠ ♦❢ ❜♦ ❤ ♠❛ ❦❡  ✳ ❊①♣❡ ✐♠❡♥ ❛❧❧②✱  ♦♠❡ ♦ ❞❡  ❡✛❡❝   ♠❛② ❜❡
♦❜ ❡ ✈❡❞✳ ❚♦ ❧✐♠✐   ❤❡ ♥✉♠❜❡  ♦❢   ❡❛ ♠❡♥  ✱ ✇❡ ❝❤♦ ❡  ♦  ✉♥  ❤❡ ❡①♣❡ ✐♠❡♥  ✇✐ ❤  ❤❡ ❤✐❣❤  ❡❝✉ ✐ ②
 ❤❛ ❡  ♠❛ ❦❡  ✜    ❢♦❧❧♦✇❡❞ ❜②  ❤❡ ❧♦✇  ❡❝✉ ✐ ② ♠❛ ❦❡ ✱ ❛  ✐  ✐  ♠♦ ❡ ✐♥ ✉✐ ✐✈❡  ♦   ❛❞❡  ❤❡ ♠♦ ❡
 ❡❝✉ ❡ ❛  ❡   ✜   ✳
✺❲❡ ❝♦✉❧❞ ❛❧ ♦ ❤❛✈❡  ✉♥ ❝♦♠♣❧❡♠❡♥ ❛ ② ❛♥❞ ✐♥ ❡ ♠❡❞✐❛ ②   ❡❛ ♠❡♥   ✇✐ ❤ ♥♦   ❛♥ ❛❝ ✐♦♥  ❝♦   
♦  ❡ ✉❛❧   ❛♥ ❛❝ ✐♦♥  ❝♦    ✐♥ ❜♦ ❤ ♠❛ ❦❡  ✳ ❍♦✇❡✈❡ ✱ ✉♥❞❡   ❤❡ ❡  ✇♦ ❝♦♥✜❣✉ ❛ ✐♦♥  ♦❢   ❛♥ ❛❝ ✐♦♥ 
❝♦   ✱ ✇❡ ❝❛♥  ❤♦✇  ❤❛   ❤❡ ✐♥❝❡♥ ✐✈❡   ♦   ❛❞❡  ❤❛ ❡  ❛ ❡  ❡❞✉❝❡❞✱  ❤✉  ❧✐♠✐ ✐♥❣  ❤❡ ❣❛✐♥  ❢ ♦♠ ❛
 ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧   ②  ❡♠✳ ❉✉❡  ♦ ❜✉❞❣❡  ❧✐♠✐ ❛ ✐♦♥ ✱ ✇❡ ❝♦♥❝❡♥  ❛ ❡❞ ♦✉  ❞❛ ❛ ❝♦❧❧❡❝ ✐♦♥ ❡✛♦   
♦♥  ❤❡  ✇♦   ❡❛ ♠❡♥   ❢♦  ✇❤✐❝❤  ❤❡ ❣❛✐♥  ❢ ♦♠ ❛  ✇♦  ❡❝✉ ✐ ② ❧❡✈❡❧   ②  ❡♠ ❛ ❡  ❤❡♦ ❡ ✐❝❛❧❧②  ❤❡
❤✐❣❤❡   ✭❈✶✲❈✷✮ ❛♥❞  ❤❡ ❧♦✇❡   ✭❙✶✲❙✷✮✳
✻❚❤✐  ❢❡❡ ✐   ❡❧❛ ✐✈❡❧② ❤✐❣❤ ❝♦♠♣❛ ❡❞  ♦  ❤❡ ❢❡❡✴✇❛ ❡  ♣ ✐❝❡  ❛ ✐♦ ♦❜ ❡ ✈❡❞ ✐♥ ♦♣❡ ❛ ✐♦♥❛❧ ✇❛ ❡ 
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❜✉   ✐♠❡✲❝♦♥ ✉♠✐♥❣   ❛♥ ❛❝ ✐♦♥  ❝♦    ❜♦ ♥ ❜② ❢❛ ♠❡   ✐♥❝❧✉❞✐♥❣ ✇ ✐ ✐♥❣ ❝♦♥  ❛❝  ✱ ❧♦❝❛ ✐♥❣ ❛♥❞
✐❞❡♥ ✐❢②✐♥❣   ❛❞✐♥❣ ♣❛  ♥❡  ✳ ▼♦ ❡♦✈❡ ✱ ✐♥  ❤❡ ✜❡❧❞✱ ❜✉②❡   ❛♥❞  ❡❧❧❡   ❞♦ ♥♦  ♣❛②  ❤❡  ❛♠❡   ❛♥ ✲
❛❝ ✐♦♥ ❝♦  ✳ ❇✉   ❤❡♦ ❡ ✐❝❛❧❧②  ❤❡ ❜✉ ❞❡♥ ♦❢  ❤❡ ❝♦    ❤♦✉❧❞ ❜❡  ❤❛ ❡❞ ❡ ✉❛❧❧② ✐❢  ❤❡ ♠❛ ❦❡  ✐    ✉❧②
❝♦♠♣❡ ✐ ✐✈❡✳ ❚❤❡ ❡❢♦ ❡✱ ✇❡ ❤❛✈❡ ❛♥ ❡ ✉❛❧ ❢❡❡ ❢♦  ❜✉②❡   ❛♥❞  ❡❧❧❡   ✐♥  ❤❡ ❡①♣❡ ✐♠❡♥ ✳ ▲❛  ❧②✱ ✇❡
❝❤♦ ❡  ♦  ❡   ❤❡  ❛♠❡   ❛♥ ❛❝ ✐♦♥  ❝♦    ♦♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ✭✐♥ ❈✶✲❈✷✮ ❛♥❞ ♦♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡ 
✭❙✶✲❙✷✮✳ ■♥ ✇❛ ❡  ♠❛ ❦❡   ✐♥  ❤❡ ✜❡❧❞✱ ✐  ✐  ♠✉❝❤ ♠♦ ❡ ❝♦  ❧②  ♦   ❛❞❡  ✐❣❤   ❜✉ ✱  ✐♥❝❡ ✇❛ ❡   ✐❣❤  
❛ ❡ ❧♦♥❣  ❡ ♠ ❛  ❡  ✱   ❛♥ ❛❝ ✐♦♥  ❝♦    ♣❛✐❞  ♦ ❛❝ ✉✐ ❡ ❛  ✐❣❤  ❛ ❡ ❛♠♦  ✐③❡❞ ♦✈❡   ❡✈❡ ❛❧ ②❡❛  ✳ ❖✉ 
❡①♣❡ ✐♠❡♥ ❛❧  ❡ ✉♣ ✐  ❜❛ ❡❞ ♦♥  ❤❡ ❛  ✉♠♣ ✐♦♥  ❤❛    ❛♥ ❛❝ ✐♦♥  ❝♦     ❤❛  ♥❡❡❞  ♦ ❜❡ ♣❛✐❞ ❢♦  ❡❛❝❤
✷✽  ❛❞❡ ♦❢ ✇❛ ❡  ❛❧❧♦❝❛ ✐♦♥ ✐  ❛♣♣ ♦①✐♠❛ ❡❧② ❡ ✉❛❧  ♦  ❤❡ ❛♥♥✉❛❧ ✈❛❧✉❡ ♦❢   ❛♥ ❛❝ ✐♦♥  ❝♦    ♣❛✐❞ ❢♦ 
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❨❡❧❧♦✇  ❝❡♥❛ ✐♦
◆✉♠❜❡  ♦❢ ❝♦✉♣♦♥  ❤❡❧❞
❚②♣❡ ✶ ✷✳✵✻ ✵✳✾✹ ✶✳✵✽ ✶✳✶✶
❚②♣❡ ✷ ✹✳✵✻ ✺✳✵✻ ✺✳✵✽ ✹✳✽✾
♣✲✈❛❧✉❡★ ✵✳✵✸✻ ✵✳✵✸✶ ✵✳✵✸✻ ✵✳✵✺✾
◗✉❛♥ ✐ ✐❡    ❛❞❡❞
❚♦ ❛❧   ❛❞❡  ✐♥ ❛ ❣ ♦✉♣ ✹✳✹✷ ✷✳✸✸ ✻✳✷✺ ✹✳✵✵
◆❡    ❛❞❡  ✐♥ ❛ ❣ ♦✉♣★★ ✹✳✵✽ ✷✳✶✼ ✺✳✼✺ ✸✳✾✷
◆❡    ❛❞❡  ❢♦  ❛  ✉❜❥❡❝ ★★★ ✵✳✻✹ ✵✳✺✽ ✶✳✻✾ ✶✳✵✻
❆✈❡ ❛❣❡ ♣ ✐❝❡ ✶✵✳✷ ✶✷✳✺ ✶✶✳✵ ✶✶✳✼
★ ❲❡ ♣ ❡ ❡♥   ❤❡ ♣✲✈❛❧✉❡  ♦❢  ❤❡  ✇♦✲ ✐❞❡❞ ❲✐❧❝♦①♦♥  ❡   ✇❤❡ ❡ ✇❡ ❝♦♠♣❛ ❡  ❤❡ ♦❜ ❡ ✈❡❞ ♦✉ ❝♦♠❡ ✇✐ ❤  ❤❡
 ❤❡♦ ❡ ✐❝❛❧ ♣ ❡❞✐❝ ✐♦♥  ♦♥ ♥✉♠❜❡  ♦❢  ❤❛ ❡  ❛♥❞ ❝♦✉♣♦♥  ❤❡❧❞ ❜② ❛  ✉❜❥❡❝ ✳
★★ ◆❡    ❛❞❡  ✐♥ ❛ ❣ ♦✉♣❂
P6
i=1⑤♥✉♠❜❡  ♦❢ ❣♦♦❞  ❤❡❧❞ ❛❢ ❡   ❤❡ ♠❛ ❦❡    ❛❣❡ ❜② ✐ ✲ ♥✉♠❜❡  ❤❡❧❞ ❜❡❢♦ ❡ ❜② ✐ ⑤
★★★ ❚❤❡ ❛✈❡ ❛❣❡ ♥✉♠❜❡  ♦❢   ❛❞❡  ❢♦  ❛  ✉❜❥❡❝  ✐  ❡ ✉❛❧ ❢♦  ❜♦ ❤  ②♣❡  ❜✉   ②♣❡ ✶ ❛ ❡ ♥❡   ❡❧❧❡   ♦♥ ❛♥ ❛✈❡ ❛❣❡ ❛♥❞
 ②♣❡ ✷ ❛ ❡ ♥❡  ❜✉②❡  ✳
◆♦ ❡ ✿
❨❡❧❧♦✇✿ ❉ ② ✴ ❇❧✉❡✿ ❲❡ 
❚②♣❡ ✶✿ ▼♦ ❡ ❘✐ ❦ ❚♦❧❡ ❛♥  ✴ ❚②♣❡ ✷✿ ▲❡   ❘✐ ❦ ❚♦❧❡ ❛♥ 
❈♦✉♣♦♥ ✿ ❲❛ ❡  ❆❧❧♦❝❛ ✐♦♥ 
❙❤❛ ❡ ✿ ❲❛ ❡  ❘✐❣❤  ✳ ❙❤❛ ❡  ❆ ❛ ❡  ❤❡ ❤✐❣❤  ❡❝✉ ✐ ②  ❤❛ ❡  ❛♥❞  ❤❛ ❡  ❇  ❤❡ ❧♦✇  ❡❝✉ ✐ ②  ❤❛ ❡ ✳
❈✶✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ❛♥❞ ♦♥❡ ❧❡✈❡❧ ♦❢  ❡❝✉ ✐ ②
❈✷✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ❛♥❞  ✇♦ ❧❡✈❡❧  ♦❢  ❡❝✉ ✐ ②
❙✶✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ❛♥❞ ♦♥❡ ❧❡✈❡❧ ♦❢  ❡❝✉ ✐ ②
❙✷✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ❛♥❞  ✇♦ ❧❡✈❡❧  ♦❢  ❡❝✉ ✐ ②
✹✶❚❛❜❧❡ ✻✿ ❊①♣❡ ✐♠❡♥ ❛❧ ❉❛ ❛ ✲ ❆✈❡ ❛❣❡   ♦✜  ✱ ❱❛ ✐❛❜✐❧✐ ② ♦❢   ♦✜   ❛♥❞ ❊✣❝✐❡♥❝②
❆✈❡ ❛❣❡   ❛ ✐  ✐❝  ♦✈❡  ❧❛   ❢♦✉  ♣❡ ✐♦❞  ✭✻  ♦ ✾✮
❈✶ ❈✷ ♣✲✈❛❧✉❡ ❙✶ ❙✷ ♣✲✈❛❧✉❡
  ♦✜  ✭❊❈❯ ✮
❆✈❡ ❛❣❡ ♦✈❡  ❛❧❧ ♣❡ ✐♦❞ 
● ♦✉♣★ ✻✷✻ ✻✺✻ ✵✳✵✵✵ ✻✺✺ ✻✷✾ ✵✳✵✵✵
❚②♣❡ ✶ ✾✼ ✶✵✷ ✵✳✵✽✼ ✾✾ ✶✵✵ ✵✳✷✺✸
❚②♣❡ ✷ ✶✶✶ ✶✶✼ ✵✳✵✵✵ ✶✷✵ ✶✶✵ ✵✳✵✵✵
❊✣❝✐❡♥❝② ❘❛ ✐♦✭✪✮
● ♦✉♣ ✹✷✳✸✻ ✼✵✳✹✷ ✵✳✵✵✵ ✻✽✳✻✷ ✸✾✳✽✾ ✵✳✵✵✵
❚②♣❡ ✶ ✺✼✳✷✺ ✽✸✳✻✹ ✵✳✵✽✼ ✼✵✳✵✺ ✽✶✳✻✹ ✵✳✷✺✸
❚②♣❡ ✷ ✸✵✳✺✻ ✺✾✳✻✵ ✵✳✵✷✷ ✻✼✳✼✻ ✶✹✳✻✷ ✵✳✵✵✵
❚ ❛♥ ❛❝ ✐♦♥  ❝♦    ♣❛✐❞
● ♦✉♣ ❆✈❡ ❛❣❡ ✶✺✳✽ ✶✷✳✷ ✵✳✵✼✾ ✷✸✳✽ ✹✶✳✸ ✵✳✵✵✵
❚②♣❡ ✶ ✸✳✺ ✷✳✵ ✵✳✸✶✺ ✷✳✽ ✻✳✾ ✵✳✵✵✵
❚②♣❡ ✷ ✸✳✼ ✷✳✺ ✵✳✶✾✺ ✺✳✹ ✾✳✷ ✵✳✶✶✺
❉✐✛❡ ❡♥❝❡ ✐♥ ❛✈❡ ❛❣❡ ♣ ♦✜   ❜❡ ✇❡❡♥  ❝❡♥❛ ✐♦
● ♦✉♣ ✸✹✶ ✸✻✶ ✶ ✸✻✽ ✸✼✷ ✶
❚②♣❡ ✶ ✷✺✳✵✺ ✸✷✳✾✼ ✵✳✵✵ ✷✼✳✹✺ ✸✹✳✹✹ ✵✳✵✶
❚②♣❡ ✷ ✽✽✳✼✺ ✽✼✳✺✸ ✵✳✶✺✸ ✾✷✳✷✺ ✽✾✳✺ ✵✳✵✹✺
❙ ❛♥❞❛ ❞ ❉❡✈✐❛ ✐♦♥ ♦❢   ♦✜  
❆❧❧  ✉❜❥❡❝   ✸✺✳✹✺ ✸✺✳✾✸ ✵✳✷✷✷ ✸✻✳✼✹ ✸✻✳✾✻ ✵✳✹✶✻
❚②♣❡ ✶ ✶✽✳✺✽ ✷✶✳✵✺ ✵✳✵✹✸ ✶✼✳✼✾ ✷✶✳✷✼ ✵✳✵✷✷
❚②♣❡ ✷ ✺✷✳✸✸ ✺✵✳✽✶ ✵✳✶✺✸ ✺✺✳✻✾ ✺✷✳✻✻ ✵✳✵✹✺
★ ■♥ ❛❞❞✐ ✐♦♥  ♦  ❤❡ ▼❛♥♥✲❲❤✐ ♥❡② ❯  ❡     ❡♣♦  ❡❞ ❛❜♦✈❡✱ ✇❡ ❛❧ ♦ ❝♦♥❞✉❝ ❡❞ ❛  ♦❜✉  ✲ ❛♥❦ ♦ ❞❡   ❡   ♦♥ ❛✈❡ ❛❣❡
♣ ♦✜   ❛   ❤❡  ❛♠♣❧❡  ❞✐ ♣❡  ✐♦♥   ❡❡♠ ❞✐✛❡ ❡♥  ❜❡ ✇❡❡♥   ❡❛ ♠❡♥   ✭❋❡❧ ♦✈✐❝❤ ✭✷✵✵✸✮✮✳ ❋♦  ❈✷✲❈✶✱ ✇✐ ❤ ❯❂✲✻✳✷✺✱
 ❤❡  ♦❜✉    ❛♥❦ ♦ ❞❡   ❡   ✐   ✐❣♥✐✜❝❛♥  ❛   ❤❡ ✵✳✺✪ ❧❡✈❡❧ ✭❯ ❧❡❢ ✲ ❛✐❧ ❝ ✐ ✐❝❛❧ ✈❛❧✉❡❂✲✹✳✽✵✸✮✿ ♣ ♦✜   ❛ ❡  ✐❣♥✐✜❝❛♥ ❧②
❤✐❣❤❡  ✐♥ ❈✷  ❤❛♥ ❈✶✳ ❋♦  ❙✷✲❙✶✱ ✇✐ ❤ ❯❂✸✳✵✼✱  ❤❡  ❡   ✐   ✐❣♥✐✜❝❛♥  ❛   ❤❡ ✷✳✺✪ ❧❡✈❡❧ ✭❯  ✐❣❤ ✲ ❛✐❧ ❝ ✐ ✐❝❛❧
✈❛❧✉❡❂✷✳✺✺✮✿ ♣ ♦✜   ❛ ❡  ✐❣♥✐✜❝❛♥ ❧② ❧♦✇❡  ✐♥ ❙✷  ❤❛♥ ❙✶✳
◆♦ ❡ ✿
❨❡❧❧♦✇✿ ❉ ② ✴ ❇❧✉❡✿ ❲❡ 
❚②♣❡ ✶✿ ▼♦ ❡ ❘✐ ❦ ❚♦❧❡ ❛♥  ✴ ❚②♣❡ ✷✿ ▲❡   ❘✐ ❦ ❚♦❧❡ ❛♥ 
❈♦✉♣♦♥ ✿ ❲❛ ❡  ❆❧❧♦❝❛ ✐♦♥ 
❙❤❛ ❡ ✿ ❲❛ ❡  ❘✐❣❤  ✳ ❙❤❛ ❡  ❆ ❛ ❡  ❤❡ ❤✐❣❤  ❡❝✉ ✐ ②  ❤❛ ❡  ❛♥❞  ❤❛ ❡  ❇  ❤❡ ❧♦✇  ❡❝✉ ✐ ②  ❤❛ ❡ ✳
❈✶✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ❛♥❞ ♦♥❡ ❧❡✈❡❧ ♦❢  ❡❝✉ ✐ ②
❈✷✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡ ❝♦✉♣♦♥  ♠❛ ❦❡  ❛♥❞  ✇♦ ❧❡✈❡❧  ♦❢  ❡❝✉ ✐ ②
❙✶✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ❛♥❞ ♦♥❡ ❧❡✈❡❧ ♦❢  ❡❝✉ ✐ ②
❙✷✿ ❚ ❡❛ ♠❡♥  ✇✐ ❤ ❤✐❣❤❡  ❚❈ ✐♥  ❤❡  ❤❛ ❡  ♠❛ ❦❡  ❛♥❞  ✇♦ ❧❡✈❡❧  ♦❢  ❡❝✉ ✐ ②
✹✷❚❛❜❧❡ ✼✿ ■♥❞✐✈✐❞✉❛❧   ♦✜  
✲ ❘❛♥❞♦♠ ❡✛❡❝   ♣❛♥❡❧  ❡❣ ❡  ✐♦♥✱ ✇✐ ❤ ❡  ♦   ❝❧✉  ❡ ❡❞ ❛   ❤❡ ❣ ♦✉♣ ❧❡✈❡❧✲
❉❡♣❡♥❞❛♥  ✈❛ ✐❛❜❧❡ ■♥❞✐✈✐❞✉❛❧ ♣ ♦✜  
❊①♣❧❛♥❛ ♦ ② ✈❛ ✐❛❜❧❡  ❈✶ ✲ ❈✷ ❙✶ ✲ ❙✷
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✭✷✳✽✽✵✮ ✭✷✳✸✽✽✮ ✭✶✳✺✸✾✮ ✭✶✳✽✼✽✮
❚②♣❡ ✷ ✶✽✳✻✸✯✯✯ ✻✼✳✽✶✯✯✯ ✶✼✳✾✵✯✯✯ ✸✶✳✵✷
✭✸✳✻✻✼✮ ✭✷✺✳✾✾✮ ✭✸✳✶✽✼✮ ✭✷✶✳✶✼✮
 ❡ ✐♦❞ ✵✳✺✺✻✯✯✯ ✵✳✺✺✻✯✯✯ ✵✳✼✻✶✯✯✯ ✵✳✼✻✶✯✯✯
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❊❘❆ ✶✳✶✾✸ ✹✳✷✼✾ ✵✳✸✶✺ ✲✶✳✸✼✸
✭✶✳✶✵✼✮ ✭✸✳✹✷✾✮ ✭✶✳✵✸✺✮ ✭✶✳✼✽✷✮
❈✷ ✹✳✾✸✶✯✯✯ ✸✵✳✸✻✯
✭✶✳✻✵✹✮ ✭✶✻✳✻✼✮
❨❡❧❧♦✇ ① ❈✷ ✸✳✷✻✼
✭✸✳✷✻✽✮
❚②♣❡ ✷ ① ❈✷ ✲✷✳✹✹✸
✭✼✳✾✺✵✮
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✭✺✳✽✾✺✮
❊❘❆ ① ❙✷ ✶✳✸✽✵
✭✷✳✺✶✾✮
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